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Abstract
Bandgap voltages references are widely used in IC design, but are sensitive to low-
frequency noise and component mismatch. This thesis describes the design and testing
of a new IC voltage reference that targets these issues through three dynamic element
matching (DEM) subsystems. The first is a chopper OTA, and the second two are
component rotation schemes: one to exchange the positions of two critical resistors,
and the second to cycle through all BJTs, periodically selecting each to participate as
the "1" transistor of the N:1 bandgap ratio. Practical designs that address the various
switching issues typically associated with DEM, such as glitch and clock drift, are
described. Analytic expressions for the effects of noise and mismatch throughout the
bandgap reference are derived, along with expressions for calculating the improvement
that can be achieved by DEM. A test chip was implemented in a 0.25pm BiCMOS
process; with its three DEM subsystems enabled it is shown to achieve a 20x 1/f noise
improvement and a 34x mismatch error improvement.
Thesis Supervisor: Charlie Sodini
Title: LeBel Professor, Electrical Engineering and Computer Science
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Chapter 1
Introduction
1.1 Project Overview
This thesis describes the design and testing of a new voltage reference integrated
circuit: The Dancing Bandgap. Developed over the course of two internships at
Intersil Corporation, this IC was intended to test the concept of applying dynamic
element matching (DEM), a technique originally developed for D/A converters [1],
to the classic bandgap voltage reference circuit. As described here, the design effort
entailed the creation of an optimized amplifier, oscillator, bias circuit, and two trim
DACs, among other subcircuits which comprise the Dancing Bandgap.
The design was refined through extensive simulation with Cadence Spectre, with
the goal of achieving good performance at the extremes of temperature and supply
voltage. Ultimately, the chip was laid out and manufactured on a proprietary 0.25pm
BiCMOS process. Measurements gathered from the test chips demonstrate that DEM
may be used to reduce low-frequency noise and mismatch by a factor of 20 or more.
1.2 IC Voltage References
Of the various ways that a precise reference voltage may be derived (including chemi-
cal cells [2] and Josephson junctions [3]), IC voltage references are commonly used in
precision equipment due to their relatively low cost and small size. In comparison to
15
the Weston cell, which was the international standard for the definition of the Volt
until the 1990s, IC references do not lose accuracy over time as current is drawn from
them, and this makes them particularly useful in ADC applications.
In the domain of IC references, there are two predominant methods for generating
an accurate, stable output voltage. The first is by using buried zener diodes, which
typically have very low noise because they are distanced from the noise-inducing Si-
SO 2 surface [4]. But the availability of buried-zener devices is unlikely in an all-CMOS
process, and costly laser trimming is often required to achieve good accuracy. The
supply current required for Zener reference is also typically quite high (at least several
mA).
The bandgap voltage reference was developed as an alternative to the buried
zener reference. The basic idea, discussed in full depth in the next chapter, is to add
a voltage that is proportional to absolute temperature ("PTAT") to the BJT
voltage VBE (which is said to be complimentary to absolute temperature, or
"CTAT"). By combining the two voltages it is possible to achieve very low temper-
ature coefficients. Since the bandgap reference may be implemented with substrate
PNP transistors, it is possible to design this type of electronic reference for almost any
process. As a result, improvements in bandgap reference performance would boost
the capabilities of CMOS ADCs that incorporate internal references.
1.3 Commercial Voltage References
A wide variety of commerical IC references are now available, and a sampling of
some particularly high performance parts is shown in Table 1.1 to give a sense for
competitive specifications. In order to make meaningful comparisons between parts
with different output voltages, all specifications are normalized by the part's nominal
output voltage: noise, temperature coefficient (tempco), and line regulation are
given in parts-per-million (PPM); initial accuracy is given as a percentage.
The "Tempco" column requires a bit more explanation. Many electronics com-
ponents exhibit a temperature dependence that is predominantly linear with tem-
16
Part No. Tempco (0 to 70 *C) Line Regulation 0.1-10 Hz Pk-Pk Noise Supply Current Initial Accuracy Manufacturer
ISL60002 20 ppm/*C 134 ppm/V 11.5ppm 0.0009 mA ±0.04% Intersil
ISL21090 7 ppm/*C 18 ppm/V 0.76 ppm 1.28 mA ±0.02% "
ISL21007-25 3 ppm/*C 80 ppm/V 1.8 ppm 0.150 mA ±0.02% "
ISL21009-25 3 ppm/OC 60 ppm/V 1.8 ppm 0.180 mA +0.02% "
LTC6655B 2 ppm/*C 25 ppm/V 0.25ppm 7 mA +0.025% Linear Tech.
LT1027A 2 ppm/*C 12 ppm/V 0.6 ppm 3.1 mA ±0.02% "
LT1461A 3 ppm/*C 50 ppm/V 8 ppm 0.035 mA 10.04% "
LT6654A-1.25 10 ppm/*C 5 ppm/V 0.8 ppm 0.350 mA ±0.05% "
ADR440B 3 ppm/*C 20 ppm/V 0.49 ppm 3.75 mA ±0.05% Analog Dev.
ADR420 3 ppm/*C 35 ppm/V 0.85 ppm 0.500 mA ±0.05% " _"
ADR431-B 3 ppm/*C 20 ppm/V 1.4 ppm 0.800 mA ±0.04% " _"
MAX6325 1 ppm/*C 18 ppm/V 0.6 ppm 2.7 mA ±0.04% Maxim IC
MAX6126 3 ppm/*C 9.8 ppm/V 0.63 ppm 0.550 mA ±0.02% "4 "7
LM4140 3 ppm/*C 200 ppm/V 2.15 ppm 0.320 mA ±0.1% National Semi.
LM4132 10 ppm/*C 50 ppm/V 96 ppm 0.100 mA +0.05% " _"
Table 1.1: Comparison of various commericial voltage references. (Updated September 2011.)
perature. A 10kQ resistor, for example, may have a temperature dependence of 100
ppm/0 C, meaning that its value increases by 1Q for every degree Celsius that its
temperature is raised. For bandgap voltage reference, the temperature dependence
is often highly nonlinear, but an effective temperature coefficient can still be defined.
The most common method for doing this is the so-called "box-method" [4, 5]. As
shown in Figure 1-1, the tempco of the voltage reference is estimated by AV/AT,
where AT is the part's specified temperature range, and AV is the difference between
the maximum and minimum reference voltages over that temperature range.
0
>1
1
1
Box-Method Tempco
.2002
.2001 . ----- -.---.-.---.---.------.-.-- .--- .-----.--.-.
.2000----- --------- --- d l a
1999
1998- . -deltaV
199 ....... deltaT
1997 ......___ ........____________________
-40 -20 0 20 40 60 80 100 120 140
Temperature (C)
Figure 1-1: Illustration of the box-method tempco characterization.
1.4 Thesis Outline
In Chapter 2, the bandgap voltage reference circuit comprising the core of the Danc-
ing Bandgap is analyzed in great depth. An analytic model for the temperature
dependence of the circuit is derived, along with mathematical formulas that enable
optimization of the reference tempco. Effects of thermal noise, component mismatch,
process shifts, and amplifier imperfections are all considered. This lays the ground-
18
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.1
work for Chapter 3, which describes the practical implementation of dynamic element
matching in the Dancing Bandgap, and presents expressions for the noise improve-
ment that may be achieved. Auxiliary, "static" circuits that support the function
of the Dancing Bandgap are discussed in Chapter 4; these include trimming circuits
and the bias generation circuit. Chapter 5 presents test chip measurements, and
Chapter 6 summarizes the theoretical and practical results described in this thesis.
19
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Chapter 2
Analysis of the Bandgap Core
2.1 Derivation of VBG (T)
A simplified schematic of the bandgap core is shown in Figure 2-1. In this section
an expression for the output voltage VBG will be derived, and the result is used to
calculate the linear and parabolic temperature coefficients dVBG/dT and d2 VBG/dT 2 .
In this first-pass analysis, several simplifying assumptions are made:
1. All transistors in the circuit are identical. In particular, their saturation currents
are all Is (T).
2. For all transistors, # = o. (i.e., the base currents are negligibly small)
3. The common mode gain of the op amp is zero and its differential gain is infinite,
such that V+ = V- .
4. R1A and RiB are perfectly matched, such that R1A = RiB = R 1.
5. The values of RIA, RiB, and R 2 are constant with temperature.
All of these assumptions will be revisited in later sections.
21
VBG
+ +
VBEN VBE,1
QN+1 QN 2 1
N transistors
Figure 2-1: Equivalent circuit of the static bandgap core.
2.1.1 Expression for the Output Voltage
As a starting point for the analysis, observe that IA = IB = I because V+ = V_:
IA- VBG -V (2.1)
R1A
_ VBG - +(2.2)
R1B
Because transistors in the "N" branch are identical, the current IA splits equally
among them. Having assumed zero base current, we conclude that the collector
current of each transistor in this branch is IA/N = I/N; in the "one" branch, the
collector current of the solitary transistor is simply IB = 1. We solve for the current
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IA by evaluating the current through R 2 :
IA= VR2 _ V- - VBEN _ V+ - VBE,N
R2 R2 R2
= VBE,1 - VBE,N (2.3)
R2
VBE (I, T) - VBE (I/N, T)
R2
where VBE (I, T) is a model for the base-to-emitter voltage of Q1 - QN+1 when operat-
ing at collector current I and temperature T. The VBE model is found by rearranging
the I-V relation of a bipolar transistor [6]:
1 = Is (T) -exp = VBE(I, - I [I/Is (T)] (2.4)U q
Given the nonlinear nature of Equation 2.3, it might appear unlikely at first
glance that an analytic expression for I exists. But observe that the difference in
base-emitter voltages is in fact independent of I:
kT kT
VBE,1 - VBE,N= - i 'n [I/Is (T)] - In [(I/N) |Is (T)]
q q (2.5)
=- - In [N]
q
We conclude that the branch currents I and 'B are given by:
kT In[NJ (2.6)
'A =IB= '=-' .0q R 2
and the output voltage VBG follows:
R1 kT /kT ln[N|
VBGR= I - R1± +VBE, = -In [N|+VBE - I T) (2.7)R2 q q R 2
2.1.2 Linear Temperature Coefficient
The linear temperature coefficient of the bandgap reference, TC1, is defined in this
thesis to be the first derivative of VBG with respect to temperature. With an expres-
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sion for VBG now at hand (Equation 2.7), the linear temperature coefficient may be
partially evaluated as follows:
dVBG d (R i kT
= d- -_ - -- - In [N| +VBE 1dT dT R 2  (2-8'
SR1 k d kT In[N
=- --- in[N|+-VBE T
R 2 q dT B q R 2  T
The first term is easily evaluated given design parameters R 1, R 2 , and N, but the
second is more involved due to the nonlinear temperature dependence of VBE. One
method to calculate dVBE/dT is to numerically estimate its value based on empirical
data collected for the device of interest. This is certainly the most accurate method
because it is specific to the real bipolar transistor being used in the circuit, but for
the purpose of understanding the various temperature-dependent effects at play, it is
useful to work with an analytic expression of the temperature coefficient.
In this thesis the VBE model of Tsividis [7] is used, shown below as Equation 2.9.
It is based on a physical model of Is (T) that takes into account the temperature
dependence of the bandgap energy of silicon and the variation of carrier mobility
with temperature. In Equation 2.9, VG (T) is the bandgap voltage of silicon as a
function of temperature, 7 is a process-dependent parameter (in the range 2.0-4.0),
and T, is a reference temperature at which the device is characterized.
VBE (T) = VG (T) - ' VG (T) + -' VBE (T,) (2.9)
-7 (U- ) - In - + (-I) -In
q T. q Ic (T,.)
Equation 2.9: Model for VBE temperature dependence given by Tsividis [7]
Tsividis has demonstrated that with a proper choice of q and an accurate VG (T)
model, Equation 2.9 can be made accurate to within t500 pV over a temperature
range of -55'C to 125*C, in experiments spanning five manufacturing process and
two different IC companies. Comparing this error to the nominal bandgap reference
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output of 1.2V, that's a box-method tempco of 4.6 ppm/0 C. This suggests that the
Tsividis model is fairly accurate, but it will be important to bear in mind its baseline
accuracy in the sections that follow.
Because the collector current of Qi is proportional to temperature (Equation 2.6),
the Tsividis model can be simplified as follows:
VBE (T) = VG (T) -(VG r - VBE (Tr))
T' 
.(2.10)
- r/- ) 
-
- In 
-T0 ~ 
.)qTr
By combining the last two terms of Equation 2.9 the VBE temperature model has
become a bit more compact, and for this reason Equation 2.10 will be used in the
analysis that follows. It is completely accurate (to the extent that the Tsidivis model
is accurate) so long as the collector current I is PTAT.
Having arrived at a relatively simple model for the temperature dependence of
VBE, we are almost ready to compute the linear temperature coefficient Of VBG. But
an analytical model is still needed for the temperature dependence of the silicon
bandgap voltage, VG (T). Tsividis used a quadratic best-fit model based on a low-
temperature empirical data set; here the model given by Equation 2.11 is used to
improve high-temperature accuracy [8, 9].
1 a- T2
VG (T) = - E,o - T (2.11)
q \+T
Equation 2.11: Analytical model for the temperature dependence of the silicon
bandgap voltage [8, 9].
In Equation 2.11, Eg,o is the bandgap energy of silicon at OK; a and # are fit
parameters. We will use the values given by Singh [9]: Ego = 1.1695 eV, a =
4.73. 104 eV/K, # = 636K. To give a sense for the behavior of VG (T), Figure 2-2
shows the fluctuation of the silicon bandgap voltage over the military temperature
range. As can be seen, VG (T) is fairly linear in this temperature region, but a small
amount of curvature is still visible.
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We now have the information needed to computed dVBE/dT. The expression from
VBE (T) given in Equation 2.10 is decomposed into three terms and the derivatives
of each component with respect to temperature are summarized in Table 2.1. To
illustrate the relative magnitudes of the various components, we assign typical values
for the parameters: T, = 300 K, VBE (T) = 650 mV, and q = 3.0. Then at 300K
the contributions 1-3 are -255 pV/K, -1.58 mV/K, and -173 MV/K, respectively,
which add up to a net temperature coefficient of -2.01 mV/K (very close to the
oft-quoted "-2mV/K" VBE tempco [10).
1.1
a)
0,
-0
.
._0
.14-
.13-
.12 -
1
1
1
1.11
1.1
0 20 40 60
Temperature (degrees C)
80 100 120 140
Figure 2-2: Bandgap voltage of silicon over the military temperature range.
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-40 -20
- - I - -I I I I
-- --- --- -
- --
L
1.09'
-60(
Number Term Linear Temp. Co.
1 VG (T) - 'L . 2+2,pTq (,Y+T)
2 - ({ (VG (Tr) - VBE (Tr)) _VG{Tr) BE(Tr)
3 -(T--1)) - In - - - (1+ ±n
Table 2.1: The three components of dVBE/dT, extracted from Equation 2.10
Recall that we sought to derive an expression for dVBE/dT to enable calculation
of the VBG tempco. As revealed in Equation 2.8, the linear tempco dVBG/dT has two
components. The first (the "PTAT" term) is related to R 1, R 2 , and N, which are up
to the designer to choose. The second (the "CTAT" term), which we have just found,
is related to the properties of silicon (a and #), along with the process-dependent
terms q and VBE (Tr). It is the designer's task to choose R 1 , R 2 , and N to reduce
the temperature dependence of VBG. A numerical example illustrating this process is
given in the next section.
2.1.3 Design Example: Linear Tempco Reduction
Suppose we wish to design a bandgap voltage reference that is to operate over the
military temperature range. In order to optimize its temperature coefficient (defined
by the "box method" discussed in Chapter 1), we cancel the linear temperature
coefficient of VBE in the middle of the temperature range (Tmid = 35*C). With
T, = 300 K and VBE (Tr) = 650 mV as before, dVBE/dT works out to be -2.02mV/K
at Tmid.
Having found the tempco of VBE, we now must choose R 1 , R 2 , and N such that the
PTAT component of VBG contributes precisely +2.02mV/K to TC1 . With reference
to Equation 2.8, the PTAT tempco is found to be . - L - In [N]. Since the choice ofR2 q
the three design parameters is underconstrained (one equation and three variables),
the designer is free pick R 1 , R 2, and N in a way that satisfies other design goals (such
as supply current, output noise, etc.).
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Without specifying values for the three design parameters, we simply assume that
they have been chosen to yield the PTAT tempco +2.02mV/*C, which implies that
- In [N] is equal to 23.4. With this knowledge, we can fill in numerical values for
Equation 2.8:
kT T kT T__
VB (T) = 23.4.- + VG (T) - -(474 mV) - 2.0 - - - In (2.12)q 300 K q 300 K
A plot of the residual output voltage defined by Equation 2.12 is shown in Fig-
ure 2-3. The average output voltage is 1.253293 V, with a temperature coefficient
of ±25.4ppm/*C (box method). In the next section, we'll investigate see how this
temperature coefficient can be improved by the addition of a "curvature correction"
term.
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Figure 2-3: Plot of VBG (T) with
temperature coefficient at Tmid.
80 100 120 140
R 1, R 2 , and N chosen to precisely cancel the linear
28
-40 -20 0 20 40 60
Temperature (degrees C)
I I I I
0
2.1.4 Higher-Order Tempco Adjustment
In Sections 2.1.2 and 2.1.3, the first-order temperature dependence of VBE was derived
in three components, and we used sample values for the parameters to estimate the
temperature coefficient of a simple PTAT+CTAT bandgap reference topology over the
military temperature range. This section will continue with that numerical example.
Curvature correction, pioneered by Bob Widlar [11] in the late 1970s, consists
of adding a voltage proportional to T 2 (i.e., "PTAT2 ") to VBG in an attempt to
reduce the "bowing" observed in Figure 2-3. Expanding on Equation 2.7 to include
the PTAT2 component, we have:
VBG = C1 U + C2 U -2 + VBE -- ,n[N (2-13)
q q (q R2
kT (kT'\2
= C1 - -- + C2 2- +VG (T)
q q (2.14)
- (VG (Tr) - VBE (T)) - { -1) 'i-- ' [0 ]Tq Tr
The curvature correction voltage may be added in a variety of ways, and in the
Dancing Bandgap this is accomplished by scaling a PTAT 2 reference current. (See
Chapter 4.)
In order to cancel TCi and d2VBG/dT 2 (denoted TC2 for brevity), we first have to
determine their values at Tmid. This is done in the same way as in the previous section:
by going through the new expression for VBG (Equation 2.14) term-by-term and taking
the derivative of each component with respect to temperature, as summarized in
Table 2.2. To find TC2, each of the entries in Table 2.2 is differentiated with respect
to temperature again, and the results are given in Table 2.3.
Design Example: Basic Curvature Correction
By adjusting C1 and C2, we can further improve on the box-method tempco achieved
in the example of Section 2.1.3. The first step is to calculate TC2 and cancel it with
with C2. With reference to parabolic temperature coefficients of Table 2.3: Terms 1
and 4 are zero; the third and fifth are respectively -0.455 1 V/K 2 and -0.560pV/K 2 .
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Thus C2 must contribute +1.014pLV/K 2 to TC2 if it is to eliminate the second-order
tempco at Tmid, and from this we find that C2 = 67.9V- 1.
Number Term TCi
1 C1- C1 .kq q
C2 2 2L2 C2 ±VG(T) 2-C 2 - 2T
3 VG (T) - -2+20B
q (+T )
4 - ({ (VG (Tr) - VBE (Tr)) - V (Tr)-VBE(Tr)
5 -(-1)- -(1+ In --L ( - 1) - -( +I
Table 2.2: Components of the linear temperature coefficient of the curvature-corrected
bandgap reference.
Table 2.3: Components of the parabolic temperature coefficient of the curvature-
corrected bandgap reference.
Now that C2 has be calculated, we determine C1 so as to cancel the linear coeffi-
cient of VBG at Tmid:
k
C1 --q
k 2 2.02mV/K kTmi
+2-C 2 - - - Tmi - 2.02mV/K = 0 => C1 = -2_ 2 -C (2.15)
q2 klq q
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Number Term TC2
1 C1- 0
2 C2- +VG(T) 2-C2 -7
3 VG (T - 2#2q (#+T)3
4 
-(VG (Tr) - VBE (Tr)) 0
5-(q - 1) - - (1 TIn -(77-_1)_-k -1
After subsitituting numerical values for the parameters of Equation 2.15, C1 is
found to be 8.87. A plot of VBG with the addition of curvature correction is shown
in Figure 2-4. The new output voltage is 1.206526 V, with a substantially improved
tempco of 4.4 ppm/ 0 C.
Further Tempco Improvements
The box-method tempco can be further reduced by choosing C1 and C2 in a different
manner. Instead of cancelling TCi and TC2 at a single temperature, the linear
tempco is eliminated at 1/4 and 3/4 of the temperature scale (for example, T 4 =
-10'C and T/ 4 = 800 C on the military temperature scale). This sets up a system of
two equations that can then be solved for C1 and C2:
dVBG
d T . -r =p
The solution to this system of equations is most compactly given in matrix form, as
expressed in Equation 2.17. C 1 and C2 are found to be 19.7 and 68.6 V-1, respectively,
with the average output voltage over the military temperature range being 1.205220V.
A plot of VBG (T) is shown in Figure 2-5, and the bandgap reference voltage is seen to
be quite well-bounded. The new temperature coefficient is found to be ± 1.3 ppm/*C
- a substantial improvement over what was achieved by cancelling TCi and TC2 at
a single point.
C1 q 1 2. -T1 TCi (Ti/4)
C 2 k 1 2 -
T C (T 4) (2.17)
Equation 2.17: Expression for C1 and C2 that cancels TCi at Ti1 4 , T 3/ 4
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Figure 2-4: Plot of VBG (T) with C1 and C2 chosen to cancel TC1 and TC2 at Tmid.
We could continue further in the tempco optimization by deriving a formula that
would perfectly cancel TC3 , the third derivative of VBG with respect to temperature.
But the baseline accuracy of the Tsividis model is only 4.6ppm/*C, so arriving at
analytic expressions for the optimal value of C3 would not be any guarantee that a
real bandgap would actually offer such optimized performance. In practice, further
improvements in temperature coefficient can only be made if the r process parameter
is sufficiently well controlled that curvature correction can be applied without having
to characterize every single device, for this would be too costly.
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2.2 Noise Analysis
In this section we explore the transfer functions relating noise currents at various
points in the circuit to fluctuations in the bandgap reference output voltage.
2.2.1 Small-Signal Circuit Model
The starting point for this analysis is the circuit's small signal model, which is shown
in Figure 2-6. This is simply a linearization of the circuit of Figure 2-1, with each
of the resistors rQj representing the incremental resistance of the transistor Q,. As
shown in Figure 2-7, rQ is really the parallel combination of the BJT input resistance,
rr = /gm, and the inverse transconductance, 1/gm. Under the assumption that # is
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very large, r, is approximately infinite, and rQ may be approximated as:
1 kT
rQ,i ~ m -
1 NkT
9m,i qI
(2.18)
(2.19)Vj E [2, N + 1]
Because the resistors rQ,2 through rQ,N+1 appear in parallel, their total effective
resistance is equal to rQ,1. For convenience in the expressions that follow, we define
the value R 3 :
kT
R3 rQ,2IrQ,3|---|I|rQ,N+1 = rQ -- = I (2.20)
qI
"N" branch Vbg
\"one" branch
n,4 Q,N+1
N total
Figure 2-6: Small-signal model of the bandgap voltage reference.
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Figure 2-7: Translation of a diode-connected BJT into the small signal domain.
2.2.2 Noise Transfer Functions
For each of the six noise current locations shown in Figure 2-6 there is an effective
resistance R,5 that relates the current i,5 to the incremental output voltage vbg. In
this way vbg may be written as a linear combination of currents:
Vbg in,jRnj (2.21)
j=1..6
The resistances were derived from a straightforward linear circuit analysis of Fig-
ure 2-6, and although the details are omitted here, the results are summarized in
Table 2.4. Each resistance is presented in two forms, the first being the "analysis"
expression, which is in terms of R 1, R 2 , and R 3 . The second is the "design" expres-
sion, which is composed of design parameters I (the branch current IA=IB), N (the
number of transistors in the "N" branch), and a third parameter A that is equal to
In [N] -R 1 |R 2 .
The new parameter, A, is equal to the coefficient of k/q in the expression for
TCi given by Equation 2.8. In a bandgap reference that employs only linear tempco
reduction (as discussed in Section 2.1.3), its optimal value is given by the following:
A = - dVBE (2.22)
k dT ,TTmidJ
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Va
For this reason, so long as dVBE/dT is close to -2mV/0 C the parameter A will
be approximately equal to 23.5. Unlike I and N, the designer will have little control
over A, for it is dictated directly by the temperature coefficient of VBE-
Both forms shown in Table 2.4 are useful - the "analysis" equation may be used
to estimate noise performance of a bandgap circuit that has already been designed,
while the "design" equation may be used to draw conclusions about the type of noise
performance that might be achieved, given a current budget (which will limit I) and
chip size budget (which will limit N).
The equations relating the two forms are quite simple, and are found by observing
the following:
1 kT kTI = - - [N] => R 2 =-In [N] (2.23)R 2  q qI
R1 R2 kTA = - - In [N] > R1 = A - A- - (2.24)
R2 In [N] qI
1 1 kT
R3 = - = - - - (2.25)
gm, 1  I q
Name Analysis Form Design Form
Ra,1  -1 - (R 1+R 3 ).(R 2 +R 3 ) -1 - g - 1  -(ln[N]±1)-(A±1)
Rn,2  ±1- R3 -(R1+R 2 +R3 ) ±+1 - - -1 -(AIn [N] + 1)
R QI ln[N
R~,3±1 (Rl+R±R 3 ) ±i kT(A1)
Rn,3 +1 - (R 1 + R 3 ) +1 - - (A + 1)
R~n,4 +-1--R-- (R1 + R3) +1 - T -1g (A + 1)
Rn,5  -1- -(R1 + R 2 + R 3 ) -1 - - -(A + In [N] + 1)
Rn,6  ±1 - (R 1+R 3 IR2 +R 3 ) +1 - - n [N] + 1) - (A + 1)
Table 2.4: Effective resistances relating the noise currents of Figure 2-6 to vbg.
Expressions for the wideband noise associated with the resistors and BJTs can be
written down without further knowledge of the devices, and a summary of their RMS
noise contributions is given in Table 2.5. (Op amp voltage noise will be discussed
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in Section 2.4 and low frequency (1/f) noise will be discussed in Chapter 3). In
this table, all noise contributions are given as RMS current noise densities (A//l ).
The "Location" column specifies where each noise source is present, with reference to
Figure 2-6.
The RMS voltage noise density measured at the bandgap output (V/Vdl) is equal
to the square root of the sum of the squares of all of the individual noise contributions:
RMS [g] N2 - R2Loc(k) (2.26)
k=1..M
Where RMS [-] denotes the RMS noise density of its argument, the variables Nk
represent the noise density of the kth noise current source (defined in Table 2.5), and
the function Loc (k) gives the location (1 - 6, with reference to Figure 2-6) at which
the kth noise current source appears.
By applying Equation 2.26 to Table 2.5, it is now possible to estimate RMS [vbg]
RMS [vbg] 2 = N? -R2,1 +Nr -R ,2 +N -R ,3
+ ± -R',5 + -2R, 4  (2.27)
k=6..(5+N)
= (4qI/A) -R2, 1 + (4q1/A) -R, 2 ± (4qI/ln [N]) -
+ 2qI -R, 5 ± ( 2qI/N) R2,4  
(2.28)
(k=6..(5+N)
= 4qI - (Rnj'i + R,2 + + 2ql - (Rn,4 + R2,5) (2.29)
\iA A In [N] ft)
(Base current noise contributions have been neglected for simplicity.)
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Noise Source(s) Location Analysis Form Design Form
Thermal Noise of R1A
K1  1 4kT/ R1  4qI/A
Thermal Noise of RiB
Af2  2 4kT/R 1  4qI/A
Thermal Noise of R 2
K3  3 1/kT/R2 4qI/ln [N]
Collector Current Thermal Noise of Q1
K 4  5 1V7 V i1
Base Current Thermal Noise of Q1
5  5 12ql/p 112IqI
Collector Current Thermal Noise of Q2 - QN+1
6 - N+N 4 2qI1N (each) 2qI-N (each)
Base Current Thermal Noise of Q2 - QN+1
K6+N - N5+2N 4 42qlJ (No3) (each) 2qI/ (No) (each)
Table 2.5: Expressions for the RMS current noise density of all thermal noise sources.
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2.2.3 Numerical Example
Equation 2.29 can be numerically evaluated by substituting values from the Dancing
Bandgap: I = 8.8p-A, N = 4, and A = 20.6. Table 2.6 summarizes the contributions
of each of the five noise sources.
Component Expression Value (nV/v/iii) % contribution
v,4qI A 57.5 10.1
v,2 qI. -R 25.6 2.0
on,3 4qi - 122.7 46.0
Vn,4 2q- R2 77.2 18.2
vn,5 2q1 - R 88.2 23.7
RMS [vg] 181.0 N/A
Table 2.6: Sample values for the five components of RMS [vyb], with reference to
Equation 2.29. (N = 4)
The dominant source of thermal noise is R 2 (i.e., "K'3"). It can be seen from
Table 2.5 that the magnitude of this noise source can be reduced increasing N, but
due to the fact that K3 decreases with only with the logarithm of N, significantly more
area must be consumed to achieve noticeable improvements in noise. For example, if
the number of transistors is squared, increasing N from 4 to 16, the noise decreases
from 181.0nV/Viiz (Table 2.6) to 117.9nV/vIlz (Table 2.7). In other words, noise
is reduced to about 67% of the original value, albeit with a significant increase in
the number of transistors required. If space allows, this might be enough of an
improvement to merit the extra area. Further increases in area likely impractical,
however, suggesting that supply current must be increased to achieve lower wideband
noise with this topology.
39
Table 2.7: Sample values for the five components of RMS [vbg], with N = 16.
2.3 Sensitivity to Parameter Variation
In this section we examine the sensitivity of the output voltage to various parameters,
which will give guidance for the matching requirements of the bandgap voltage refer-
ence. Here we denote the sensitivity of VBG to a parameter X as Sx: the factor that
relates a fractional change in X, (AX) /X, to the change in output voltage AVBG:
AX AVBG
AVBG = SX- = SX = X - AX AX (2.30)
In the limit AX =- 0, Sx is given by the partial derivative of VBG with respect to
lim Sx = X - aVBG
AX-40 a
(2.31)
In the bandgap core, expressions for sensitivity are derived for seven parameters:
the values of the three resistors (R1A, R1B, and R2), as well as Is and # in both
branches. The derivation is not included here, but the results summarized in Ta-
ble 2.8, with both "design" and "analysis" forms as before. Supply current does not
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Component Value (nV/V/ip) % contribution
on, 45.4 14.8
on,2 13.6 1.3
on,3 90.9 59.4
on,4 38.6 10.7
43.6 13.7
_n,tot 117.9 N/A
figure into the sensitivity of any parameter - increasing power consumption is not
necessary to improve bandgap resilience to mismatch.
Sensitivity Analysis Form Design Form
SR,A !. (? (1+ n [N]) + + 1 -N ( + A + 1)
q 2 - -nN1] q -n[N
S kT (R, + 1 -+1 k A+1p, q +1R 2  In[N] q In[N}
SRs2~=..+ -k -R1-I[ + 1 -N(+1
q R2 q±1
kTs kq (RlnN n[N]
kT k 1 A+1
,_;j_ =_ 2.._+_1 q +1 R2 q N-(3+1 n[N]
Ssj~ -. N±+1 kTi L-R 1 kT A+1
IJ q N (R 2  In [NJ]) q N-ln[N]
SI; j=2..N± + k 1 (&L + 1kT A+1
______________ 
q N.(/8+1) (~R 2 In[N]) q N.(/3+1)*ln[N]
Table 2.8: Sensitivity
tion 2.31
of VBG to various circuit parameters, as defined by Equa-
2.3.1 Effects of Process Variation and Mismatch
Let us consider the fractional variation in a parameter, say R1A as an example, to be
a random variable. Our model for its value is the sum of two random variables, as
shown in Equation 2.32. The first, a process term (PR), is the same for all devices of
the same type - that is, all other resistors constructed with the same sheet material.
The second, a mismatch term (MR1,A), is independent and identically distributed
(I.I.D.) to all devices of the same type.
ARM:= PR + MR1,A
R1A
(2.32)
Equation 2.32: Fractional variation in the value of R1A as the sum of process and
mismatch random variables.
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Using RiA as a template, the fractional variations of the other circuit parameters
are defined as follows:
:=1 PR + MRi,B
R1BAR :PR±+MR,AR2
:= PR±+MR2
Prs + Ms,,
Is,j
:=j Pg + M,0i P '3'
(2.33)
(2.34)
(2.35)
(2.36)
Vj E [1, N + 1]
Vj E [1, N + 1]
Where PR, PIs, and P# represent the process variation of resistance, saturation cur-
rent, and #, respectively. Because the mismatch variables are I.I.D. among devices of
the same type, we make the following definitions:
1. 0, 2:= Var [MR1,A] = Var [MR1,B] = Var [MR2]
2. orIs := Var [MIs,1 ] = Var [Mrs,2] = ... = Var [MIs,N+1]
3. o2,,:= Var [Mfl,1] = Var [M8, 2] = ... = Var [MJg,N+1)
Furthermore, we name the variances of the process random variables as follows:
1. oiR= Var [PR]
2. ops = Var [Ps]
3. = Var [P6]
2.3.2 Computing the Variance of VBG
The deviation of VBG from its nominal value on a given chip is denoted AVBG (a
random variable), and is comprised of both a process term and a mismatch term:
AVBG = AVBGproc + AVBG,mism (2.37)
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where:
AVBG,proc = PR ' (SR1,A + SR1,B + SR2) + IS SI s,1 + (2SIS3)j=2..N+1 2.8
+ P,- So, 1 + SB,j
j=2..N+1
AVBG,mism = MR1,A - SR1,A + MR1,A - SR1,B + MR2 - SR2 ± MIS,1* SIS,1
+ MIs, - SIs,j + M3,1 - S,6, 1 + E M'3' Spj (2.39)
j=2..N+1 j=2..N+1
By combining Table 2.8 with Equation 2.38, a relatively compact form for the
variance of the process term can be found:
(kT) 22
Var [AVBGprocI = , + + 2 '23) (2.40)
+ ( + 1)2
A similarly tidy equation for the variance of the mismatch term does not exist,
unfortunately, but Equation 2.39 may still be compacted somewhat by collapsing the
sums. Combining process and mismatch terms, the variance of VBG is given by:
Var [AVBGI Var [AVBGproc + Var [AVBG,mism] (2.41)
kT ) 2 ( 2 2 1 2
- -0 JPR + rP,1s + 2o *+ JP7p
q (#2 + 2)
± EM,R - (1,A + SR1,B + S2 (2.42)
± ,1s - (s25,1 + N - SIs,2)
±', - (S, 1 + N -S8,2)
2.3.3 Numerical Example
In order to study the effects of process and mismatch variation in the bandgap,
suppose that 1P,R = JgPIs = UP,4 = 0-1 and 0 M,R = 0 M,IS = 0.01. We continue using
A = 20.6, N = 4, and assume for simplicity that # is sufficiently large that the effect
of its variation is neglible compared to that of Is. Table 2.9 indicates the contribution
of each term in Equation 2.42 for this numerical example. Note that the square root
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of each term is
Volts 2 , which is
shown - this is primarily to put the result in Volts, as opposed to
less familiar.
Term Expression Value (mV) Contribution (%)
Contributions from Process Variations
Avi (kT/q) OPR 2.59 3.7
Av2  (kT/q) -op,Irs 2.59 3.7
Contributions from Mismatch
AV3  
0 M,R I SR1,A 1 9.67 52.1
Av4  OM,R -SR1,BI 4.31 10.3
Av5  0 M,R I SR21 5.62 17.6
Av6  aMIs - |Sis,il 4.31 10.3
Av 7  am,is- N. -SIs,2| 2.02 2.3
,Var [AVBG 1 ..7 Avj 13.4 N/A
Table 2.9: Contributions to the variance of VBG. (N = 4, A = 20.6)
The results of this analysis suggest that the Av3 needs to be cut down by a factor
of about 3 to be commensurate with the other contributions. If we could do this (for
example, by scaling up all three resistor areas by a factor of 9), Av 3 - Av5 would
reduce by a factor of 3, leaving a new standard deviation of 6.2 mV (46% of the
original value).
2.4 Effects of the Voltage Reference Amplifier
Up to this point, we have assumed that the op amp of Figure 2-1 is ideal, but a
practical implementation will exhibit input-referred voltage noise, offset, finite power-
supply rejection, and finite gain.
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2.4.1 Input-Referred Disturbances
With the exception of finite op amp gain, all of these deviations from ideal behavior
can be modeled by the voltage source v of the small signal model (Figure 2-6).
Through linear circuit analysis, its relation to Vbg is found to be:
Vbg = (R1 + R2 + R3) - (R1 + R3)Vbg = vn -*
R1 - R2 (2.43)
(A + log [N] + 1) -(A + 1)
V A - log [N|
With A = 20.6 and N = 4 we find that vbg 17.4 - v, and this demonstrates a
fundamental challenge of designing low-noise bandgap references: suppose we desire
to keep the total output noise density below 200nV/v/z. This would require an op
amp input-referred voltage noise of 4.9nV/VH - a fairly demanding value, especially
considering that supply current is limited.
Similarly demanding requirements exist for the op amp offset voltage. It was
calculated earlier (Table 2.9) that the standard deviation of VBG is about 13.4mV.
The op amp offset voltage must therefore be kept below about 0.4mV in order to
prevent the standard deviation of Vos from exceeding 15mV.
Op amp power supply rejection is also critical. Even with a low-frequency PSRR
of 100dB, the output variation will be substantial, for a 1V variation on the supply
will induce a 10pV disturbance voltage v, which is then amplified by the factor of
17.4.
2.4.2 Sensitivity to Op Amp Gain
An important difference exists between the sensitivity to op amp gain and the sen-
sitivity to other parameters examined in previous sections. While resistors might be
expected to be mismatched by several percent and their variation over process cor-
ners might be 10%-25%, the op amp gain will change tremendously with temperature,
process, and supply voltage, possibly spanning several orders of magnitude. A great
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advantage of closed-loop control is that such striking variation is greatly attenuated
as seen at the output. But the effect of such large signal variation cannot be ignored.
The following equation was derived to express the relation between the bandgap
output voltages produced when the op amp takes on gains Go and G1 :
VBG =VBG G, G(2A4
G=G 1  G=Go Go 1 ± G1 - H
where:
H= I2 - R1 - R2H =
(Vth + I - (Ri + R 2)) - (Vth + I -R) (2.45)
A - log [N]
1 + log [N] + A - (2 + log [N]) + A 2
Note that Equation 2.44 is not a small-signal approximation; it was derived from
direct analysis of the nonlinear equations. With A = 20.6 and N = 4, H works out
to be 0.058.
In designing a voltage reference it can be useful to specify a minimum gain Go and
calculate the maximum deviation of the output voltage as the op amp gain increases
above this threshold. Taking the limit of Equation 2.44 as G1 tends towards infinity:
VBG = VBG *G=G + G H) (2.46)
For example, with VBG nominally 1.2V and a minimum gain of 100dB, the output
will increase by no more than (1.2V) / (Go - H) = 207pV as op amp gain increases.
Translated into a temperature coefficient over the military temperature range (-55 to
125*C), the temperature coefficient is:
TC = (207pV) / (1.2V - 180'C) = 0.96ppm/OC
This is likely quite acceptable, and by improving the minimum gain by a factor of
two or three the temperature coefficient associated with gain fluctuation will become
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negligibly small. Things only improve if the number of transistors is increased, as
this causes H to become larger.
In summary, design of the op amp should focus on achieving low input-referred
noise and high PSRR. While the bandgap output voltage is senstive to the op amp
offset voltage, this may be corrected somewhat by trimming (although the tempera-
ture coefficient of the offset voltage will still remain). By achieving a minimum gain
of 100dB the effects of op amp gain variation can be made very small.
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Chapter 3
Dynamic Circuits
In Chapter 2, the various effects that limit performance of a conventional, static
bandgap were explored. Working off of these results, this chapter explains how per-
formance is improved in the Dancing Bandgap through the three dynamic subsystems.
3.1 Top-Level Description
Figure 3-1 contains a schematic of the Dancing Bandgap, as actually implemented and
manufactured. The "bandgap core" described in Chapter 2 is visible near the center
of the figure, and its output voltage is still labeled VBG. The op amp of Figure 2-1
was actually implemented in two parts: a chopper OTA (for low offset and 1/f noise),
followed by a unity-gain buffer with some current-sinking capability.
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The practical realization of the Dancing Bandgap contains many components not
present at all in the simple bandgap circuit considered in Chapter 2. Currents IPTAT
and ICURVE are the outputs of two DACs that allow the chip output voltage VOUT to
be tuned after the chip has been packaged. In particular, IPTAT is PTAT (IPTAT =
ai-T) while ICURVE is PTAT 2 (ICURVE = 02 ' 2) - this is the realization of coefficients
C1 and C 2 from Equation 2.14.
The "startup circuit" block prevents the bandgap from latching in the VBG = 0
state. It also speeds chip turn-on by forceing COTA to charge until VOTA is equal to
about one diode drop (0.6V).
The remaining circuits are all related to the various dynamic matching operations
in the Dancing Bandgap. The oscillator block generates a differential clock signal at
fosc (a frequency divider is used to achieve a duty cycle very close to 50%), and its
output directly controls the chopping action of the OTA. (details of oscillator design
are given in Section 3.5; the chopper amplifier itself is described in Section 3.4.)
The positions of resistors RiA and R1B are periodically interchanged at a range
fosc/2 to reduce the effects of their mismatch and 1/f noise. In Figure 3-1, RiA is
connected to the "one" branch and RiB is connected to the "N" branch; when their
control clock changes polarity RiA is then connected to the "N" branch and R1B to
the "one" branch. (Details in Section 3.2.)
In a similar manner, the positions of transistors Q1 - Qio are interchanged over
time on a clock running at fosc/ 4 . At any given moment there will be four transistors
connected to the "N" branch (e.g., Q2-Q5 in Figure 3-1) and a single transistor
connected to the "one" branch (e.g., Q1). There are also four transistors connected
to a branch called the "High Current Bullpen" (HCBP) and one connected to "Low
Current Bullpen", as part a scheme that reduces the amplitude of switching glitches
that occur as transistors change currents in switching from the "N" branch to the
"one" branch (the pre-conditioning system is described in Section 3.3.1). In this
way, if we were to stop the oscillator and render the Dancing Bandgap "frozen", its
performance would be governed by the equations of Chapter 2.
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VBG
Figure 3-2: Implementation details of the "resistor switching network" of Figure 3-1.
Thus the Dancing Bandgap employs three dynamic operations: chopping the
OTA, toggling the positions of RiA and R1B, and interchanging Qi - Q10 among
the "N", "one" , "HCBP", and "LCBP" branches. This chapter will show that each
operation provides a significant reduction in the 1/f noise content of VOUT, while
desentitizing the circuit to mismatch among the components. (The implementation
details of "static" blocks, such as ICURVE and the unity-gain buffer, are given in the
Chapter 4.)
3.2 Resistor Switching Network
Figure 3-2 shows the circuit implementation of the resistor switching network. The
signals RCKLP and RCLKN are differential clock signals whose frequency is fosc/2,
and the circuit's function can be understood as follows: when RCLKP is a logical
"1", M 1 and M 2 turn on, connecting RiA and R1B to Vp and VN, respectively. During
this time RCLKN is "0"; M 3 are M 4 . When RCLKP goes low, Mi and M 2 turn
off and the resistor positions are interchanged.
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Figure 3-3: Example of low-frequency noise.
3.2.1 1/f Noise Performance of Resistor DEM
It was stated earlier that the amount of low frequency noise introduced by the resistors
is improved by the toggling operation, and before demonstrating this mathematically
it's worth qualifying what precisely meant by low-frequency noise. For the purpose of
this analysis, low-frequency noise is any zero-centered fluctuation whose value changes
neglibly during a switching cycle (this is distinguished from drift, which is not zero-
centered). An example of such a low-frequency noise source is shown in Figure 3-3,
which is a plot of noise source value (arbitrary units) over several thousand switching
cycles. The variation on the time scale of a few switching cycles is seen be small
in comparison to the slow, wandering fluctuations that extend over thousands of
switching cycles.
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With this concept of low-frequency noise in mind, we can determine the trans-
fer function that relates the low-frequency noise-content of in,R1A and in,R1B to the
amount of noise measured at VBG. The noise current in,RiA is considered first. For
one half of the cycle (RCKLP="1"), this noise current flows into the VN node and
is transformed into an output fluctuation through the effective resistance Rn, (Ta-
ble 2.4). Over the second half of the switching cycle, in,R1A flows into the Vp node
and is related to the output voltage through Rn,2 . Thus the average perturbation
over a switching cycle with period T is given by:
__ 1 (f/2
S= - Rn,1 - in,RiA (t) dt - Rn,2 - in,R1A (t) dt (3.1)
T Jo J T/2 /
If in,R1A is well-described as a low-frequency noise source, then its average value
over the first half of the switching cycle (t between 0 and T/2) will be approximately
equal to its value during the second half of the switching cycle, and we can make the
following simplifying assumption:
1 r21 fT
Zn,R1A (t) d - n,R1A (t) dt (3.2)T/2T/2 J T /2
By labeling the average value in,RiA, Equation 3.1 can be re-written as follows:
1
Vrg = 1 (Rn1 + Rn,2) - in,R1A (3.3)
Since R,, 1 and Rn,2 have opposite signs, there will be some degree of noise reduc-
tion. In order to find out exactly how much, we use values from the actual DEM
bandgap: I ~ 8.8jpA, N = 4, and A ~ 20.6. R, 1 and Rn,2 are then found from
Table 2.4 to be -109.9kQ and +49.0kQ, respectively, and the numerical transfer
function relating in,R1A to ig- is:
Vig = (-30.5kg) - in,R1A (3.4)
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Equation also holds if for in,R1A is replaced with in,R1B, and this is because the
two noise sources spend equal amounts of time connected to the nodes Vp and VN.
Thus the total low-frequency noise expected from the resistors R1A and R1B is:
RMS [vbg] = v/2 - (30.5kQ) - RMS [in,RiA] (With DEM) (3.5)
assuming that the two resistors are constructed identically so that there noise contri-
butions are of equal magnitude.
For comparision, if the the resistors were static their low-frequency noise contri-
butions would been:
RMS [vbg] = V(- 109.9kQ)2 + (49.OkQ) 2 -RMS [in,RiA] (No DEM) (3.6)
Thus the rotation of resistors R1A and R1B reduces their low-frequency noise con-
tribution to about 36% of the original value. In the static bandgap, the resistor areas
would have to be increased by a factor of 7.6 to achieve such a noise improvement,
demonstrating the effectiveness of DEM for resistor noise reduction.
3.2.2 Mismatch Performance of Resistor DEM
It's also worth considering the relaxation of matching requirements that is achieved
by cycling the two resistor positions. From Equation 2.42, standard deviation of VBG
due to mismatch in RiA and R1B in the static bandgap reference is:
Var [AVBGmism] = UM,R - SR,A + SR1,B (No DEM) (3.7)
When DEM is applied to the resistors, the AVBG caused by mismatch in the two
resistors is
1 Ai
AVBG = ~ (SR1,A + SR1,B) ' ARIA2 R1A (3.8)
1 A___iB_
+ - - (SR1,A + SR1,B)- AR' B
2 R1B
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From Table 2.8, the values for SR1,A and SR1,B work out to be +0.967V and -0.431V
and the new standard deviation is found to be:
Var [AVBG,mism = 0-M,R - ISR1,A + SR1,B (With DEM) (3.9)
This represents a reduction in the standard deviation of bandgap output to 36% of
its original value, comparable to the improvement in low-frequency noise.
All in all, rotation of the resistors RiA and R1B enables significant area reduction
while mainting a low noise and a tight statistical distribution of output voltages.
High frequency noise (i.e., thermal noise) is not improved by resistor rotation, but an
internal low-pass filter may be employed to reduce its bandwidth.
3.3 Transistor Rotation
Like the resistors, the BJTs of the Dancing Bandgap are rotated as a means of
reducing their 1/f noise contribution and improving the system's resilience to device
mis-match. A detail of the practical implementation of one of the 10 switchable
BJTs is shown in Figure 3-4, demonstrating how a diode-connected transistor may
be selectively connected to each of the four branches. For example, when "N" Select
is a logical "1", M1 and M5 turn on and transistor's base and collector are connected
to the "LCBP" ("Low-Current Bullpen", to be described) net. The reason for using
two switches for each branch (e.g., M1 and M 2) instead of one is to reduce sensitivity
to the switch resistance. For example, when Mi and M 5 are turned on, the voltage
at VLCBP is given by:
VLCBP = VBE B - RON,M5 (310)
= VBE + (I/) -RON,M5
If only one switch had been used (for example, by omitting M 5 -M and hard-wiring
the base to the sources of Mi-M 4 ), VLCBP would be offset from VBE by an amount
I - (1 + 1/#) - RON,Mi - effectively worsening the sensitivity RON by a factor of 3.
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Figure 3-4: Circuit implementation of the switchable BJTs.
The transistor rotation scheme spans 2N + 2 cycles, running on differential clock
signals whose frequency is fosc/ 4 (TCLKP and TCLKN). The basic switching
operation is shown in Figure 3-5. The four Select signals for each transistor are
configured to ensure that at any given instant there are four transistors connected
to the "N" and "LCBP" branches and one transistor connected to the "one" and
"HCBP" branches. For example, in Figure 3-1 the Dancing Bandgap is "frozen" with
Qi in the "one" branch, Q2-Q5 in the "N" branch, Q6 in the "HCBP" branch, and
Q7-Q1o in the "LCBP" branch.
TCKLP
TCKLN
"N" Select
"LCBP" Select
"HCBP" Select .~~~ . ~~~.
"one" Select
Figure 3-5: Timing diagram for a switchable BJT, with reference to Figure 3-4.
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3.3.1 Low-Glitch Pre-Conditioning
The switching sequence is designed to minimize the amplitude of glitches at the op
amp inputs. Consider the problem illustrated in Figure 3-6: a transistor in the "N"
branch (Q2) is to switch places with a transistor in the "one" branch by means of
the switches S1 and S 2 . Because Q1 is operating at four times the current of the
transistors in the "N" branch, V+ is greater than Vx by an amount
AVBE = (kT-q) In [41. (3-11)
As such, CCs,1 and CBE,1 are charged up to (CCs,1 + CBE,1) * VBE; on Q2 these par-
asitics hold a charge (Ccs,1 + CBE,1) (VBE - AVBE). Thus, if the CCS and CBE
capacitances are equal a total charge qing = (CCs + CBE) ' AVBE is transfered from
V+ to Vx every time the transistors exchange places. If the transistors are rotating
at a rate fosc/ 4 this is an effective current iirnj = qing - fosc/ 4 flowing flowing from
V+ to Vx-
VBG
Figure 3-6: Illustration of the switching glitch problem.
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The offset induced by this switching current can be estimated using Table 2.4,
which relates small-signal noise currents to the output perturbation vbg. Since the
current is flowing out of Vy and into Vx, it is related to vbg through the effective
resistance R, 5 - R,, 4 . This works out to be -95kf2. Estimating the diode capaci-
tance as CCs + CBE ~ ipF, the injection current is found to be 1.4nA; the offset that
results is 212pV. While its magnitude is small compared to the errors introduced by
component mismatch, the charge injection offset is troublesome because its temper-
ature dependence is in part related to that of the parasitic capacitances, which may
have a non-linear temperature dependence.
For this reason a pre-conditioning scheme was devised to reduce the charge injec-
tion currents flowing into V+ and Vx, based on the idea that the parasitics of a BJT
should be "pre-charged" to the proper value before that transistor is switched into the
"N" or "one" branches. The resistors RLCBP and RHCBP are then chosen such that
transistors connected to these respective branches will operate at collector currents
I and I/N, respectively. As seen in Figure 3-5, the "N" branch only exchanges tran-
sistors with the "LCBP" branch. To the extent that the "LCBP" branch properly
simulates the "N" branch current, no net charge transfer will occur when the pairs
of transistors are swapped between these two branches. Similarly, it is seen that the
"one" branch exchanges transistors only with the "HCBP" branch.
In this way all charge transfer occurs inside the "LCBP" and "HCBP" branches. A
transistor that is moved from the "N" branch to the "one" branch by first swapping it
into the "LCBP" branch, where it spends two clock cycles, and then into the "HCBP"
branch where it is "warmed up" to a collector current of I. After spending half a
clock cycle in the HCBP, the transistor is finally moved into "one" branch. In the
same manner a transistor is moved from the "one" to the "N" branch by first having
it "cool off" in the "LCBP" branch (this is why the pre-conditioning branches are
called "bullpens").
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3.3.2 Origins of BJT 1/f Noise
The current source in,Ba of Figure 3-4 represents the low-frequency noise content
of the base current, which we assume is caused by fluctuations in the mobility of
minority carriers in the base [12]. Since base current is inversely proportional to
minority carrier mobility, the effects of fractional changes in yi are given by a simple
equation:
1
pan
dIB - 1
-> AIB IB
A~n
As before, we assume that the low-frequency noise source, ApI, is sufficiently slow
that it fluctuates negligibly over the full 10-cycle rotation. This allows us to approx-
imate in,Bas (t) over the course of a few clock cycles by the following:
in,Base (t) ; W (3.13)0 pn
Before proceeding with the DEM noise analysis, it is important to note that the
mobility fluctuation model is just one hypothesis of several that have been proposed
for the nature of low-frequency noise in a bipolar transistor. Techniques for modeling
1/f noise remain an active area of research.
3.3.3 1/f Noise Performance of Transistor DEM
As a transistor rotates among the four branches it perturbs the output voltage only
when connected to the "N" and "one" branches, and this is through the effective
resistances Rn,4 and Rn,5, respectively. Noting that the transistor spends 4 cycles in
the "N" branch and 1 cycle in the "one" branch, the time-averaged perturbation vbg
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over the full 10-cycle rotation is:
4 1/4 -Ap, 1 I -Apn
Vbg Rn,4 + - . Rn,5 * -10 # pn 10 13 in
1 I -Ap(
--- (Rn,4 + Rn,5) - - .- "(3.14)
10 #An
53pV -
Where we have assumed # = 50 and subsituted I = 8.8tA, N = 4, A = 20.6 as
before. If the 10 switchable BJTs exhibit identical noise profiles, the low-frequency
noise observed at the output will then be 168pV - RMS [Apn] / (Apa).
For comparison, the noise without DEM would have been:
RMS [Apn] /
Vbg =-
p~n #\ P #
I. RMS [Apn] - -R1,4  R2,5  (3.15)
9.5mV - RMS [Anj
pn
Thus the low-frequency noise is improved by a factor of 56.5. Seeing as the tran-
sistor area would have to be increased by a factor of about 3000 to achieve similar
performance in the static core, the noise reduction is substantial. But it hinges on an
implicit assumption in Equation 3.14 - namely, that a transistor's # is equal in the
"N" and "one" branches. This assumption is certainly inaccurate to some degree, as
the collector current in the two positions varies by a factor of N; proper choice of
bias current, however, will minimize the collector current dependence of # and enable
1/f noise reduction. Because |R,,4 | < |R,,5I, it turns out that if a transistor's #6 is a
bit higher in the "N" branch the noise reduction worsens; if the "one" branch # were
slightly higher the noise reduction would improve, though a large # differential will
worsen noise reduction regardless of sign.
For example, had the "N" branch # been 55 and the "one" branch # been 50,
the noise reduction is down to a factor of 23.8. Keeping # variation between the two
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branches at a minimum is therefore important, and choosing I = 8.8pA was something
of a balancing act because the optimal branch current for transistor DEM (at which
# variation is minimum) was too small to enable low thermal noise performance. Of
course, the choice of branch current was also influenced by the desire for low supply
current.
3.3.4 Mismatch Performance of Transistor DEM
As was the case with the chopping of resistors R 1 and R 2 , rotation of the BJTs also
improves their resilience to mismatch. With reference to Table 2.8, the time-averaged
error in VBG caused by a transistor as it rotates through the bandgap reference is
given by:
1 AIS
AVBG = -(4 - SIS,2 + IS,1)10 is (3.16)1 -kT AIS
10 q is
where # mismatch has been neglected. Taking into account all 10 transistors, the
standard deviation of the output voltage resulting from Is mismatch is then 8.2mV-
aM,IS, compared to 476mV - uM,IS in the static bandgap - an 58x improvement.
It's not a coincidence that the sensitivity to mismatch is decreased by the same
factor as the noise. Comparison of Tables 2.4 and 2.8 reveals a common improvement
factor of:
,/2-N+ 2 - 1 (3.17)
g [N) /' log[N
3.4 Chopper Amplifier
The chopper OTA is the third and final DEM subsystem. It was shown in Chapter 2
that the bandgap reference voltage is very senstitive to the op amp's input-referred
voltage noise and offset, and the chopping technique described in this section is de-
signed to address both of these issues. As shown in figure 3-7, the chopper OTA is
a folded-cascode topology with a self-biased PMOS current mirror (M--M10). The
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chopping action is controlled directly by CLKP and CLKN, which drive the switches
M11-M22 so as to re-route the OTA input voltages and output stage currents in a
way that cancels low-frequency noise.
Vdd 'B
'A
M 21 M22
M1V M20
M7 M8
VN R3
FCL M( MI I I IVCASC2
Figure 3-7: Schematic of the chopper OTA.
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3.4.1 Gain of the Static OTA
Before delving into the details of the chopping operation, the OTA is analyzed as a
static element to verify its gain and to describe how the various noise currents are
tranformed into perturbations of the output voltage vota. Figure 3-8 shows the chop-
per "frozen" with CLKP=1, CLKN=O such that transistors M 7 and M9 comprise
the self-biased current mirror, while M 8 and M 10 form the PMOS half of the high-
impedance output stage. Many noise currents are labeled, along with a few reference
points (VA-VD and VCM).
The gain of the circuit may be determined by applying the differential signal
VP = v/2, VN = -v/2 inputs and then normalizing the resulting output perturbation
by the differential input voltage v. If M 1 and M 2 are identical, their drain currents are
equal in magnitude and opposite in sign: iD,M2 = -iD,M1 = gm,M1 v/2. The current
iD,M1 splits between R 3 and the common-gate stage M 3 , and the current entering the
source of M 3 is then mirrored into the output stage. The drain current of M 2 , iD,M2,
is similarly split between R 2 and M 4 before entering the output branch.
To determine more precisely how the currents are split it is useful to review
common-gate amplifier small-signal model, which is shown in Figure 3-9. When a
current is is drawn from the source, it is found that the current i,,t pulled into drain
is:
iout = 1s - (3.18)gm - r. +1
(where the output resistance r0 has been neglected). In other words, as the product
gm - r, increases the current gain of the common gate stage approaches unity. In the
Dancing Bandgap, R 1 ~ 13.9kQ and the bias current of M 4 is about 7p1A. We can
estimage gm,M4 by assuming that M 4 is biased relatively close to the subthreshold
knee, where gm,M4/ID,M3 likely at least 15V-1. With these values substituted into
Equation 3.18, we find that just about 60% of the current iD,M2 is passed through to
the drain of M 4 .
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iR1 IS,M4
In,R2
Figure 3-8: Chopper OTA "frozen" with CLKP=1, CLKN=O
65
.
VD
n , D S V G
VS 
G
VTEST
+
'n,S
Vg in,ds
Vs 9m*(Vg-Vs) ro out
rs in,s Vtest
Figure 3-9: Transformation of the common gate amplifier into the small-signal do-
main.
Figure 3-9 may also be used to estimate the OTA output resistance. When a
small-signal voltage viest is applied to the drain, the current ist that flows is equal
to:
iout =Viest (3.19)
ro + r. - (1 + gm.ro) (
The output resistance of the common gate stage is simply the denominator of Equa-
tion 3.19. The length of transistor M 4 is 3.7pm; if we assume an Early voltage of 5V
per micrometer of channel length its output resistance is found to be 2.8MQ. With
gm,M4 at approximately .1mmho output resistance of the common-gate stage M 4 is
then equal to 6.7MQ.
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M 6 comprises a second common-gate stage whose input is the drain current of M 4 ;
its source resistance is the 6.7MQ just computed. In the DEM bandgap M 4 and M 6
are identical, so that the "intrinsic gain" of both (i.e., the product gm -r0 ) is about 280,
using the approximations for gm and r, given earlier. After applying Equation 3.19
to M 6 , the effective output resistance of this second common-gate stage is found to
be 1.9GQ.
This output resistance, which we denote RNMOS, appears in parallel with that
of the PMOS mirror. With the knowledge that R5 = 33.3kg and the lengths of
M8 and M 10 are respectively 1.6im and 6.0pm, the value for RPMOS is found to be
approximately 2.1GQ. The net output resistance is then:
ROUT = RNMOSI RPMOS ~ 1.OGQ (3.20)
Because the output resistance is very large, the amplifier cannot drive any load other
than a CMOS gate (or possibly a JFET input). This explains the presence of the
unity-gain buffer that follows the chopper in Figure 3-1.
With a value for the output resistance, the differential voltage can now be found
by determining the ratio vt/v:
1
AV = -. (iS,M4 - iS,M3) ' ROUT
gm,M2 - R
= gm,M2 gm,M2 'R2  ROUT (3.21)gm,M2 ' R2 + 1
= gm,M2 a - ROUT
Where the symbol a has been introduced to express the fraction of the input pair
current that enters the output stage. When gm,M2 is calculated (based on the fact
that its drain current is 14pA), AV is found to be 102dB. Of course, this gain is just
a coarse estimate, based on typical values for the Early voltage and gm/ID; a variety
of simulations were run with Cadence Spectre to ensure that the voltage gain was
at least 100dB over process corners and with a wide range of die temperatures and
supply voltages.
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3.4.2 Noise Analysis of the Static OTA
Many noise sources are shown in Figure 3-8, and this section gives approximations for
the input-referred noise induced by each. As a start, we consider the noise introduced
by the input transistor M 1 . Its noise current, in,M1, is split between R1 and M 3 as
explained before and the portion of the noise current that enters M 3 is mirrored into
the output node to introduce a voltage perturbation:
Vota = -in,M1 - ci- ROUT (expr. for inf,M1) (3.22)
Thus the input-referred voltage noise is -in,M1/gm,M1, by comparing Equations 3.22
and 3.21. The noise current in,M2 may be analyzed in a similar fashion, and the
input-referred voltage noise that results is found to be in,M2/gm,M1. In fact, the noise
currents of resistors R1 and R 2 are also reflected back to the input by the same factor
of 1/gm,M1.
In the noise analysis of M 3 and M 4 it is helpful to return to the small-signal
common-gate model of Figure 3-9. When a noise current ids, is applied, the output
current is given by:
i gmt ds± (3.23)
gm - r, +1
Where the output resistance is again assumed to be large enough that it may be
neglected. For M 3 , about 41% of the noise current is passed through and mirrored
around into the output stage, and this produces an input-referred voltage noise:
1
Veff,M3 = -in,M3 - 1 (expr. for in,M3) (3.24)
gm,M2 - aL - (gm,M3 - R1 + 1)
The expression for in,M4 is similar and has the opposite sign.
We have seen so far that the amplifier is very sensitive to the noise contributed
by the input pair and R 1 and R 2 , and almost as sensitive to the noise introduced by
M 3 and M4. This situation improves greatly when the noise contribution of M 5 and
M 6 is considered. The source resistance of these common-gate stages is now 6.7MQ,
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as computed earlier, and from Equation 3.23 it is found that only 0.1% of the noise
currents in,M5 and in,M6 make their way to the output.
The noise rejection of inR3 is even better. With R 3 = 20kQ, only about 1/ (100, 000)
of the resistor noise current flows into M7 to be mirrored into the output stage. This
is because the current inas is split between R 3 , which has a relatively small value,
and RNMOS, which is very large.
Analysis of the noise currents in,R5, in,M8, and in,M1O may be done in exactly
the same way as the analysis of in,R1, in,M3, and in,M5. The results are slightly
different due to the fact that the current mirror transistors are sized differently, but
the result is essentially the same. Using Equation 3.18, it is found that 77% of
the noise current in,R5 flows through to the high-impedance output node; for in,M10
the figure is only 23% (to obtain the input-referred voltage noise, these currents are
normalized by gm,M1/a). Finally, the large output resistance of the M 10 common gate
stage (18.7Mg) causes only 0.05% of in,Ms to pass through ROUT.
The other side of the PMOS mirror, consisting of R 4 , M 7 , and Mg, is potentially
more challenging to analyze due to the local feedback loops. To aid intuition, let
us assume that the output resistance looking into the drain of M 5 is infinite (i.e.,
RNMOS -+ oo). This will force the current that flows out of R 3 and into M 5 to be
zero, for if it were not the voltage across RNMOS would be infinite (this is similar to
the common assumption of infinite op amp gain).
Now when we consider the effect of in,R4 it is clear that because no current flows
through R 3 , it must also be the case that no current flows through M7 or Mg; all of the
noise current flows up into the resistor R 4 , setting va equal to in,R4. R 4 . Furthermore,
because no current flows through Mg its incremental gate-to-source voltage vg,,9 is
zero, and thus v is simply equal to in,R4 - R 4 . This voltage vc, in turn, is the input
to a degenerated common-source amplifier consisting of M 10 and R5 , and as such its
output current (with reference to Figure 3-8) is given by:
iD,M10 = -Vc * mM1(3.25)
gm,M1o ' R 5 + 1
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With ve = in,R4 - R 4 , the output current iD,M10 is found to be 77% Of in,R4 and has
the opposite sign.
For the noise current in,M9, the high impedence RNMOS forces no current flow
through M7, such that the current flowing from source-to-drain in Mg is equal to
-in,M9. Hence the source-to-gate voltage of Mg is:
Va - Vc = -in,M9/gm,M9 (3.26)
Because no current flows through M7 it is seen from KCL that no current flows
through R 4, either. As a result va = 0, and the small-signal gate voltage of M10 is
oc = in,M9/gm,M9. From Equation 3.25 the resulting output current iD,M10 is 23% of
in,M9, again with the opposite sign.
With the assumption of infinite RNMOS, the noise contribution Of in,M7 is zero
because there is no incremental current flow through R 4 or Mg. In practice the
output current id,M10 that results from this noise source is non-zero, but still small
enough to be negligible.
We have now determined how all of the noise sources of the static OTA are referred
back to the inputs. It's clear that the major contributors are M 1-M 4 , Mg-M 10 , R 1-
R 2, and R 4-R 5 . These are precisely the components that participate in the chopping
action of the dynamic OTA, and therefore may be substantially reduced when CLKP
and CLKN are enabled. Those that are not chopped, namely M 5-M and R 3, have
all been shown to transfer less than 0.1% of their noise currents to the high-impedance
output node, and are therefore not dominant sources of noise in the first place.
3.4.3 Noise Analysis of the Dynamic OTA
In this section we consider exactly how chopping attenuates the major sources of noise
just enumerated. Every time the clock signals change polarity the switches M15-M 22
"twist" and "un-twist" the output stage, changing the polarity of the op amp inputs
as seen at the gates of Mi and M2. The purpose of switches Mu-M 14 is to re-route
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Vp and VN to the input pair gates in sync with the twisting of the output stage, such
that the polarity of the external op amp inputs is preserved.
Chopping is effective in attenuating low-frequency noise content because it alter-
nates the sign of the noise source with 50% duty cycle. As long as the noise source
varies slowly compared to fosc, this will render its time-averaged contribution close
to zero. Considering the noise of Mi as an example, it is seen that when CLKP is "1"
the noise current in,M1 is routed to M 3 and then M5 , before being mirrored around
into the output node and perturbing the output by -in,Mi - a - ROUT. When CLKP
changes state, the output stage is "twisted": inM1 still enters the common gate stage
M 3 , but that current is routed directly into the output node; the new perturbation
is in,M1 - a ' ROUT. Because the perturbations are of equal magnitude and opposite
sign, their time-averaged contribution is zero.
Noise is reduced in the same way for the sources associated with M 2-M 4 and
R 1 -R 2 . In the PMOS mirror, it was shown that about 77% of the noise current in,R5
flows down into the output node when CLKP is "1". When the output stage is
twisted that resistor now forms part of the current mirror, and effectively all of the
noise current flows back up into R 5, raising VA. This in turn causes a current equal
to 77% of in,R5 to flow up and out of the output node, as shown in the earlier analysis
of in,R4. In this way the low-frequency content of in,R5 is cancelled.
The same can be said for the noise sources in,R4, in,M9, and in,M10. In fact, the only
noise sources that are not time-averaged to zero are those associated with cascode
transistors M 5-M 8 , as well as the noise current in,R3. It has already been shown that
the noise introduced by these transistors is quite small; for each of the five sources
0.1% or less of the noise current flows into the output node.
Achieving the full performance boost offered by chopping is difficult for several
reasons. First, in order to achieve perfect noise cancellation the duty cycle must be
very close to 50%; as such the clock waveform's deviation from this ideal is directly
proportional to the amount of low-frequency noise that leaks through. In addition,
slow drift in the oscillator frequency may translate into input referred voltage drift
because the time-averaged value of the chopping glitches will change. Another poten-
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tial weakpoint is the switches themselves: because each switch is active only during
one of the two clock states, its noise contribution is not averaged to zero. Finally, if
the glitch-induced offset is substantial additional trim range will be required; to make
matters worse the offset itself will likely be temperature-dependent.
These caveats suggest several details that must be considered in the design of any
chopper amplifier. The static transistor M5-M must be large enough to support high
gain and low 1/f noise, but not so large that their parasitic capacitances introduce
glitch-related performance issues. For similar reasons, sizing the switch transistors
is in part a balancing act between the desire for speed, which would require small
devices, and low ON resistance and 1/f noise, which requires large devices. The
performance requirements of the oscillator itself are explored in the next section.
3.5 Oscillator Design
The DEM bandgap oscillator is designed to produce differential 160kHz clock sig-
nals in a manner that is resilient to changes in temperature and supply voltage. A
schematic is shown in Figure 3-10, and the basic operation may be understood as
follows: when Q1 is turned on, Q2 is off and therefore its collector current is 2 - 1osc-
Of this, half is drawn through the diode-connected transistor M 1, which mirrors the
current through M 5 and M6 to M7 , pulling VCK low. Similarly, when Q2 is turned on
a current 1osc is mirrored from M 4 to the output node and VCK is pulled high.
The circuit oscillates, however, because neither state is stable. When Q1 is turned
on, half of its emitter current flows into the capacitor Coso, causing it to charge up.
Because Vc is pinned at VDD - VBE, this charging depresses VD until the base-to-
emitter junction of Q2 is turned on. At this instant, Vc = VDD - VBE and VD =
VDD - VGS - VBE; assuming the two base-to-emitter voltages are equal, the capacitor
will be charged to Vos. As soon as Q2 turns on, it pulls down VA and thereby shuts
off Q1. The transistors Mi and M 2 remain on briefly, continuing to pour current
into the parasitic capacitance on node VB until they are crushed (i.e., VB ~ VDD).
Since Q2 is turned on, the voltage VD is a diode drop below VB, at VDD - VBE,Q2-
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Assuming that state transition occurs quickly, the voltage across CoSc changes little,
and VC = VD + VGS. The capacitor now discharges, depressing the node VC until Q1
turns on again.
Figure 3-10: Schematic of the 160kHz oscillator.
An idealized waveform for this operation is shown in Figure 3-11, which is a plot of
the four node voltages over several periods. The complexities of the transition between
the two states are neglected, but it is still a useful picture to understand the effects
of the various circuit parameters. In this figure, it has been assumed that VDD=3.3V,
VBE=0.65V, and VGS=0.8V. As can be seen, at t = 0 the transistor Qi is turned on
and M 3 is crushed, so that VA=3.3V and and VC is a equal to VDD - VBE= 2 .6 5 V.
During this time COTA is charging, and this depresses the voltage VD until Q2 turns
on. Since VB=VDD - VGS=2.25V, the trip-point is VD = VDD - VGS - VBE=1.85V,
and this occurs at t = 0.7pLs.
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Figure 3-11: Idealized plot of VA-VD.
Once Q2 is turned on, it pulls down VA and allows current to flow through M 2.
This in turn shuts off Q1 and causes VB to float high to VDD, pulling up VD to
VDD - VBE= 2 .6 5 V. Since the capacitor voltage at the switching instant was VGS, the
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voltage on Vc is now VDD - VGS - VBE=3.45V. The node VC will discharge an amount
2 - VGs until it hits the 1.85V trip-point, at which point the cycle begins again.
Thus, the capacitor must charge and discharge an amount 2- VGS twice per period
at a rate Iosc/Cosc, which results in an oscillation frequency of Iosc/ (4 - Cosc - VGS).
Since Cosc is a real capacitor (not a parasitic), its temperature dependence can be
well controlled. But the temperature dependence of Vos is likely very poor. We solve
this problem in the Dancing Bandgap by making 1osc proportional to VGS, such that
1osc = VGS/Rosc.
The clock signals CLKP and CLKN actually operate at half the frequency of
VCK because of the D flip-flop clock divider. Due to mismatch in the oscillator, the
duty cycle may not be exactly 50%, but its period should remain stable so long as
Cosc and Rosc remain unchanged. Since the flip-flop acts only on the rising clock
edges, its output Q toggles once for every period of VCK. In this way, the duty cycle
of the clock divider is 50% so long as the cycle-to-cycle variation in the period of VCK
is negligible.
After taking into account the frequency division, we can arrive at an expression
for fosc:
1~s IOSCfosc = - I sc___2 4 - COSC - VGS (3.27)
8 -Rosc -Cosc
This expression is a decent approximation of simulation results. With Rosc=325kQ
and Cosc=2.7pF, as in the DEM bandgap, the output frequency is found to be
142kHz, an 11% error from the "typical" simulated value (160kHz).
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Chapter 4
Auxiliary Circuits
In the previous chapter, the function and circuit design details of the dynamic circuit
blocks were discussed. The performance advantage of these subcircuits, however, is
only realized if the auxiliary static circuits support it. For example, leakage cur-
rents introduced by the switches must be addressed, and a trimming circuit is still
necessary to achieve sub-millivolt accuracy, despite the desensitization to mismatch.
Furthermore, the non-linear temperature dependence of the Dancing Bandgap refer-
ence must be compensated to keep the box-method tempco at the single-digit ppm/OC
part-per-million level.
4.1 PTAT Trim
As shown in Figure 3-1, the adjustable current IpTAT is drawn through RTR1 and
RTR,2 (both of which are equal to 2kQ. This has the effect of adding a voltage
IPTAT - (RTR,1 + RTR,2) on top of the bandgap core voltage voltage VBG, and the goal
in doing so is to achieve the desired value C1 in Equation 2.8.
4.1.1 PTAT Current Generator
In the DEM bandgap, a PTAT current external to the bandgap core is generated for
use in the linear tempco trimming operation. The schematic for this block is shown
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in Figure 4-1, and it is seen to be a bandgap reference in its own respect. However,
it only influences the output voltage by ± 15mV full scale (out of a nominal VBG of
1.2V), so the noise and PSRR requirements are substantially reduced as compared to
those of the bandgap core.
Vdd
T
iSTART" COMP iA I B
R6 R4 R5
MlI Mg M1 I L9~ 10 - I V
M y MI V C /
VSTART R3M6
2
Y M3 M4
M15 IM1 M2B
Ry7* Vx R
- R
Figure 4-1: Schematic of the PTAT current reference.
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The PMOS current mirror (M7-M 10 ) sets the currents iA and iB equal, establishing
a voltage differential kT/q - log [N] from VB to Vx (see Equation 2.5). Furthermore,
the transistors M1 and M2 force the nodes VA and VB equal, placing this PTAT
voltage across R 1. The branch currents are then given by:
kT
iA =i =-- . log [N|R1 (4.1)
q
In our implementation R1 =13.9kQ, such that this current is 2.6pA.
The purpose of transistors M-M 1 4 is to prevent the PTAT reference from starting
up in the zero-current state. When the reference is turned on, it is possible that VA
and VB remain at OV, such iA and iB are both zero. This would be an entirely stable
state (albeit undesirable), but for the fact that a small current, iSTART, is mirrored
through M 13-M 14 to pull down VBOOT. This is turn causes the gate of M1 5 to go high,
and VM is pulled down to ground, causing current to flow in M9 and M10 . As this
current flows from top to bottom of the schematic it charges up the various parasitic
node capacitances, turning on the BJTs. The start-up circuit is disabled once the
current iA becomes sufficiently large to pull VBOOT high, shutting off M15 .
4.1.2 PTAT Trimming DAC
Using the PTAT bias outputs VM and VCASC, a scaled version of iA is mirrored
in the current DAC circuit of Figure 4-2 as iDAC (nominal value: 3.75pLA). The cur-
rent DAC is essentially six binary-weighted copies of iDAC that may be individually
connected or disconnected from the iPTAT output. Each bit is a source-degenerated
scaled current mirror, and in this subcircuit the degeneration aids not only in re-
ducing the noise contribution of the MOSFETs, but also in relaxing their matching
requirements.
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Figure 4-2: Schematic of the PTAT trim DAC.
In order to further improve matching, the transistors Mr-M5 are constructed
from paralleled groups of a "building block" NMOS transistor of dimensions W/L.
As shown in Figure 4-2, M2 is composed of eight such building blocks, M3 of four,
and so on. The result is that a source of systematic error has been removed: namely,
non-linear dependence of drain current on NMOS width. The degeneration resistors
(except RA) are similarly constructed from a building block with resistance R. For
example, the resistance R/2 is implemented with two resistive building blocks in
parallel, while the resistance 2R is build from the series connection of two building
blocks.
The least significant bits, whose accuracy is least critical, are not constructed in
this manner simply because M5 , which forms the next most significant bit, is made
up of only a single building block. Since there is not equivalent "series" connection
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for the NMOS building blocks, as there was for the resistors, the widths of M 5 and
M 6 are simply scaled down by factors of 2 and 4, respectively. These last two bits also
share a common degeneration resistor; this is to save chip area. In order to ensure
that the degeneration voltage on the shared resistor RA remains constant regardless
of the last two trim code bits, the PMOS transistors M 14 and M 15 turn on to accept
the drain currents of M 5 and M6 , respectively, when they are not selected. In other
words, M 5 and M6 are always on; the trim code simply selects whether their current
will be added to IPTAT.
In the previous chapter, it was shown that a common-gate stage rejects drain-to-
source noise current by a factor of (1 + gm - r,) (Equation 3.23), and the same holds
true here. For example, with iDS,M2 equal to 7.5pA (and estimating gm/I ~ 15V-1
as before), we find that only about 21% of the the M 2 drain-to-source noise current
is added to iPTAT.
An additional useful trait of source degeneration in the context of a DAC is that
it reduces sensitivity to VT and K. This is illustrated in Figure 4-3. Assuming for
simplicity that the transistor of interest is in strong inversion, the large-signal drain
current is given by the following implicit equation:
K
ID = - '(VG - ID -Rs -VT)2 (4.2)2
Taking the partial derivatives of this equation reveals how the drain current responds
to mismatch in the various parameters:
Voy__ A K
AID =I VV KVov + 2 . VR K
2 - VR ARs (4.3)
Vo + 2 -VR Rs
2
Vov + 2 -VRA
where Voy is shorthand for the nominal overdrive voltage of the MOSFET; VR is the
degeneration voltage as defined in Figure 4-3.
81
Vdd
lD=(K/ 2 )*(VGS-VT)
VG H Vs
Rs VR
Figure 4-3: Schematic of the PTAT trim DAC.
In essence, the output dependence on K and VT is noticeably reduced so long as
the degeneration voltage is comparable to or greater than the overdrive voltage. The
standard deviation of the MSB is:
JID,M2 = 'D,M2 VR(*rM,K 'V) 2 + (UM,R ' 2. R) 2 + (cTMVT 2)2 (4.4)V0 ,+ ± 2 -VR
The standard deviations c7M,K and TM,R describe the fractional mismatch of K and
R (unitless), whereas 7 M,VT is simply standard deviation of VT (in Volts). For the
second-most significant bit (M 3), the MOSFET and resistor areas are only half that
of the MSB, so it may be assumed their matching (0M,K, UM,R, UM,VT) are worse by
a factor of V_(2). However, the nominal drain current is half that of M 2 , so that
0 ID,M3 = OID,M2/vf2 (4.5)
In the same way, the standard deviation of the M 4 drain current is less than 0 ID,M3
by a factor of vx/. If this pattern were to continue for the remaining bits, we would
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find:
25 20IPTAT = ID,M2 
= OID ,M2 ' 2(4.6)
j=O
= O'ID,M2'=OlD * 
-(1/2)
where the last line was arrived at by applying the geometric series forumla. Hence the
standard deviation of the output current due to all bits is about 1.4 times that of the
MSB. In order to assure DAC monotonicity, we must guarantee that the maximum
current error is half the LSB current, or 117nA. For a 3- yield this will require UIDM2
to be less than 28nA.
In the DEM bandgap the degeneration voltage VR is 0.25V. If VoV is assumed
100mV, we can substitute sample values for the various matching parameters to get
a sense for whether this type of performance could be achieved. With oM,K=1%,
cM,R=0-1%, and o-M,VT=1mV, the standard deviation of the the MSB drain current
is found to be 29nA (using Equations 4.4 and 4.6). This certainly is close enough to
the target value of 28nA.
4.2 PTAT2 trim
Curvature correction is added to the DEM bandgap in much the same way: by
generating a current that is proportional to the square of temperature, and then
digitally scaling this current with a DAC. The trimmed current iCURVE is drawn only
through RTR,2, such that the output voltage adjustment is iCURVE * RTR,2 On top Of
VBG-
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4.2.1 PTAT2 Current Generator
A current with parabolic temperature dependence is generated by employing a translin-
ear circuit to square a PTAT current (circuit shown in Figure 4-4). From KVL:
VBE,1 + VBE,2 = VBE,3 ± VBE,4 (4.7)
Because the base-to-emitter voltages are proportional to the logarithm of collector
current:
log ± [I,2]= log [ 3 log ['] (4.8)
is J ,is J .is J .isJ
The key to translinear circuits is that they enable the computation of products and
quotients by means of logarithmic addition and subtraction:
log Ic'1-Ic,2 log Ic,3 - IC,4 (4.9)
Thus, so long as the saturation currents are equal, the output current ISQUARE is
equal to IMIRROR/IC,3-
In order to achieve a current that is truly PTAT2 the current Ic,3 must be tem-
perature independent, and this is where Q5 and RCOMP come into play: Q5 mirrors
the PTAT input current through the collector of Q3, but RCoMP draws an additional
current equal to VBE,4/RcoMp, which is CTAT. In the proper proportion this yields
the needed temperature-insensitive collector current.
The role of MOSFETs M 1 and M 2 is is set the collector-to-emitter voltage of
Q3 equal to VBE, as is the case for diode-connected transistors Qi and Q2. Had
Q3'S collector been simply been wired to VDD, its saturation current would effectively
increase by an amount (1 + (VDD - VBE,4) /VA) due to the Early effect. This in turn
introduces a scaling error into the output current ISQUARE; because the scaling
factor itself may be temperature dependent, the purity of the PTAT2 reference current
is damaged.
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Figure 4-4: Schematic of the translinear squaring circuit.
4.2.2 PTAT2 Trimming DAC
The current ISQUARE is transmitted directly to the six-bit trim DAC of Figure 4-
5. This trim subcircuit is very similar to the six-bit linear trim, with a few notable
exceptions. First, the scaled current mirror is composed of PMOS transistors, not
NMOS transistors; this is simply to comply with the direction of ISQUARE and
avoid the need for further mirroring (as the extra transistors would be sources of
additional noise and mismatch). Second, the transistor M adds a baseline amount
of curvature correction independent of the bits selected - this is possible because
all bandgap voltage references require a positive PTAT2 curvature correction for the
reasons explored in Chapter 2. We leverage this fact in the trim DAC to reduce the
PTAT2 trim range, thereby achieving greater trimming resolution from the same 6
bits.
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Figure 4-5: Schematic of the curvature correction trim DAC.
The PTAT 2 current DAC does not employ resistor degeneration, owing primarily
to lack of headroom. This is because ICURVE about 1.2V or so, and ISQUARE
is below this by an amount VGS,M1 (0.8-0.9V). Since the compliance of ISQUARE
is VCE (see Figure 4-4, there really isn't any headroom left over for degeneration. As
such the matching requirements VT and K become more challenging.
The current ISQUARE is nominally 5.5piA, and as such it is seen that the M 2
drain current is greater than this by a factor 32/19, resulting in an MSB current
of 9.3iA. Due to the lack of degeneration the transistors are drawn with a reduced
aspect ratio to increase their VoV; this somewhat reduces sensitivity to VT. We
assume for the purpose of approximation that the new overdrive voltage is 250mV,
with oM,K = 0.01 and UM,VT=1mV. Under these conditions, the standard deviation
of the MSB current is found using Equation 4.4 to be 120nA. For a 30- yield this
is only enough to support about four "true" bits of trim (i.e., trim codes accurate
to 1/2 LSB). If source degeneration were added in some fashion or the DAC area
were increased, the full 6-bit range could be achieved. For the purposes of a test
chip, however, the last two bits may still be useful - this is because the DAC output
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current may be measured over all input codes, thus forming a lookup table that maps
input trim code to the actual current ICURVE.
4.3 Leakage Compensation
Leakage currents enter into the bandgap core primarily in two ways. The first is
through the collector-to-substrate leakage of the 2N + 2 diode-connected transistors,
and the second is due to the various switches. Leakage models for both are shown
in Figure 4-6; note that because the NMOS transistor is operating as a switch its
drain-to-source voltage is approximately zero.
At any given time, four BJTs are connected to the "N" branch while one is
connected to the "one" branch. The leakage currents iLBJT will be slightly different in
the two branches, owing the difference in base-to-emitter voltages, but we approximate
the leakage currents are equal. As such, the error introduced at the output is given
by:
Vbg = (4 R, 4 + R, 5 ) - iL,BJT (BJT, no comp.) (4.10)
= 134kg 
- iL,BJ
where values from the DEM bandgap have been substituted to determine the re-
sistances Rn,4 and Rn,5 . At low temperatures the leakage will be neglible, but will
increase dramatically at the higher temperature levels (above 100*C), possibly as
much as 1OnA as seen in simulation. With this much leakage the offset induced is
1.3mV, damaging the otherwise well-adjusted tempco.
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Figure 4-6: Leakage currents in (a) diode-connected BJT and (b) NMOS switch.
To fix this problem, additional leakage current is drawn out of the "one" branch
at the Vp node (Figure 3-1), and this current is reflected to the output perturbation
Vbg through the resistance R,,5. As shown in Figure 4-7, this current is added by
attaching BJTs whose terminals are all connected together such that the only current
that flows is from collector to substrate. Ideally, the leakage current added would be
(4 - Rn,4 + Rn,) / (-Rn,5) ~ 2.76, but seeing as this is not possible (it would require a
non-integer number of leakage compensation BJTs), the actual number in the DEM
bandgap is 3. This in turn reduces the output perturbation to:
Vbg = (4 . Rn,4 ± 4 Rn,5) - L,BJT (BJT, w/ comp.) (4.11)
= -11.7kQ - iL,BJT
Thus the effects of collector-substrate leakage are reduced by a factor of 11.5.
For the switches, the accounting becomes more complicated, but the idea is essen-
tially the same. With reference to Figure 3-4, it is seen that each of the 10 transistors
draw a current 8 -iL,SW from Vx through their drains; for the four transistors that are
actually selected for the "N" branch an additional current 8 -iL,SW is drawn to supply
the leakage currents into all of the NMOS sources. Thus the total current drawn from
the "N" branch by the switches at any given moment is 112 -iL,SW. Fortunately, due
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in part to the fact that the switches are physically smaller than the BJTs themselves,
the switch leakage current is less than that of the BJTs.
Figure 4-7: Compensation circuit for leakage currents.
In the "one" branch, a current 8 -iL,SW is again drawn by each of the 10 transistors;
added to this is a current 8 - iL,SW of the single transistor the is actually selected for
the "one" branch. Thus the total current drawn out of the Vp node is 88 - iL,SW.
The last leakages that are left to consider are those of the four resistor switches.
With reference to Figure 3-2, it is seen that when CLKP is high, leakage currents are
drawn out of the Vp node through the sources of M1 and M4 , as well as through the
drains of M 2 and M4. The same current 4 - iL,SW leaks out of the VN node, and this
is reflected to the output perturbation through R.,6 . When the clock state changes,
the branches are "twisted" but the total leakage currents from the Vp and VN nodes
remain the same.
The total output perturbation, taking into account all switch leakage currents on
the two branch, is then given by:
Vbg = (112 - Rn,4 + 4. Rn,6 ± 92 - R, 5 ) - iL,SW
= 1.08Mg - iL,SW
(SW, no comp.)
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(4.12)
As seen in Figure 4-7, each of the dummy NMOS switches actually draws a current
2 - iL,sw because both the source and drain are connected to the Vp node. Hence the
ideal number of dummy NMOS transistors is (1.08MQ) / (-2. Rn,5) ~ 11.2. In the
Dancing Bandgap the actual number is 13, as Cadence Spectre simulations suggest
this is the optimal value. The fact that slightly more leakage compensation was
necessary seems to be due to secondary sources of leakage, such as the chopping
switches for the OTA (which are much smaller than the transistor and resistor DEM
switches), as well as all of the current DAC switch leakages, which are reflected to
the output through RTR,1 and RTR,2.
4.4 Output Buffer
As shown in Figure 4-8, the output buffer consists of a degenerated PMOS input stage
and class-A output stage. Low noise is achieved in this design primarily in two ways:
by using a fairly large value for IBUF (24JLA), and by selecting bipolar transistors for
the current mirror, rather than NMOS devices.
The loop gain of the buffer is found by grounding VOTA and disconnecting the
gate of M 2 from VOUT so that it may be driven by a test source:
Vot ( 1 + gm,M1 ' RM * 9m,Q3 * ro,Q3 ) (4.13)
\1+gm,M1 * 9mQ91gM
Where RM is the small-signal resistance to ground at the mirror output (base of
Q3); R 1 is 16.7kQ. There are three components to RM, all appearing in parallel:
the output resistance of the degenerated input pair, the output resistance of Q1, and
the input resistance of Q3. The input resistance of the Q3 is by far the smallest,
at 3/gm,Q3 ~ 32.5kg (# ~ 50 and 1C,Q3 ~ 40pA). Further estimating gm,M1 as
15V-' -12pA ~ 0.18mmho and ro,Q3 as 100V/40pA ~ 2.5MQ, it is seen that the loop
gain is about 5,000.
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VOTA Vdd
CFB
Q1 Q2 Q3
Figure 4-8: BiCMOS output buffer.
The output resistance that results is then ro,Q3/5000, or about 500Q. This is
certainly an improvement over the 1GQ output resistance of the OTA, but it is still
advisable to avoid drawing AC current from VOUT (DC currents are fine because
because the low-frequency output impedance is reduced by the gain of the OTA).
In a full product, more substantial output drive capability would be provided by the
output scaling amplifier, which adjusts the raw bandgap output voltage to a standard
level (2.048V, 2.5V, 4.096V, etc.).
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Chapter 5
Results
The Dancing Bandgap was manufactured in a proprietary 0.25Im BiCMOS process
(top-level layout shown in Figure 5-1, and the results presented here are based on three
sample chips that were available for testing. The test chips could be configured in a
variety of ways: the twelve trim bits for IPTAT and ICURVE are each bonded to
external pins on the 20-pin test chip package, and the dynamic elements of the system
may be partially or fully disabled using two additional pins, OSC1 and OSC2. (For
example, the chopper OTA may be driven with a clock signal while the BJTs and
resistors remain static.) The internal net VOTA is also bonded to a test chip pin to
allow an external capacitor COTA to be added; this allow for ripple reduction (see
Figure 3-1).
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Figure 5-1: Top-level layout of the DEM Bandgap.
In general, the tests summarized in this section were run in the full DEM configura-
tion (chopped OTA + resistor and transistor DEM), for the nominal case VDD= 3 .3V,
T ~ 300K. Except as noted, the IPTAT and ICURVE trims were set at midscale,
and no external capacitance COTA was used. The basic IC testing discussed in this
section encompasses supply current measurement, line regulation tests, trim DAC
characterization, 0.1 - 10 Hz 1/f noise measurement, and a -10 - 50*C temperature
sweep. DC measurements were conducted with the HP 34401A DMM; other equip-
ment used will be described in the coming sections.
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5.1 VOUT Distribution
One of the early tests performed was to power on each of the three test chips to verify
that their output level is in the neighborhood of 1.2V. For each chip, the voltage VOUT
was recorded with and without DEM, and the results are shown in Table 5.1. The
voltage spread is indeed greatly reduced by a large factor, in line with the analysis of
Sections 3.3 and 3.2. Since the test chips were drawn from the same lot, the process
variations are likely small; the end result is that the output voltages are well-clustered
after DEM has been applied.
Each of the three chips was subsequently marked to allow for identification. Chip
A was used for the in-depth tests that follow.
Table 5.1: Un-trimmed output voltages of the three test chips.
5.2 Line Regulation
Figure 5-2 is a plot a the DEM bandgap line regulation, as measured over a supply
range of 2.7 - 5.5V. The chip exhibits a fairly linear dependence on VDD, with a slope
of approximately 350pV/V.
95
Name No DEM With DEM
Chip A 1.23215 V 1.22053 V
Chip B 1.24677 V 1.22117 V
Chip C 1.22156 V 1.22127 V
Variation 25.21mV 0.74mV
Line Regulation (Chip A)
2.5 3.0 3.5 4.0
Supply
4.5
Voltage (V)
5.0 5.5
Figure 5-2: Measured line regulation (Chip A).
As the supply voltage is varied, the supply current drawn by the DEM bandgap
also changes as illustrated in Figure 5-3. Supply current is nominally about 200pA,
increasing by about 20pA as the supply voltage is raised to 5.5V.
5.3 Trim Characterization
The PTAT and PTAT2 current DACs of Chip A were characterized over all codes in
preparation for tempco trimming. Figure 5-4 shows the observed change in output
voltage as the PTAT current DAC is excerised over all codes (0-63). This trim DAC
is indeed monotonic over all codes, as predicted, and from these measurements the
LSB is estimated to be approximately 0.481mV. Given that the measurements were
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taken around T = 300K, this effectively means that incrementing the PTAT trim
code by "1" will step the DEM bandgap linear tempco by 1.6IV/K.
Figure 5-5 shows the variation of output voltage over the full range of PTAT2
codes. Only even codes were tested, owing to an internal short on the Chip A PTAT2
LSB input (this problem was not present on Chip B or C). Nonetheless, over what
effectively became a 5-bit trim range the curvature correction DAC is observed to be
monotonic. The two values of particular interest are the magnitude of the baseline
correction (5.16mV) and the LSB magnitude (0.280mV/code).
Quiescent Current (Chip A)
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C
0
220-
215
210
205-
200
195 F
190'
2. 5
- - - - - - - - - - - - - - - - --
-- 3.5 - - - 4.0 4.5 .0 5.5 ------
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-.. .. .
-.... . -...
3.0 3.5 4.0 4.5 5.0 5.5
Supply Voltage (V)
Figure 5-3: Measured quiescent current (Chip A).
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Figure 5-4: Measured PTAT trim DAC transfer function (Chip A).
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PTAT2 Trim DAC (Chip A)
........
25
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000
00-00
0
0 00. . . .
0 10 20 30 40 50 60 70
PTAT2 Trim Code
Figure 5-5: Measured PTAT2 trim DAC transfer function (Chip A).
5.4 Temperature Dependence
After characterizing the tempco trim DACs, the temperature dependence of Chip A
was measured over the range -10 - 50*C in an environmental test chamber (ESPEC
LHU-113). The part was cooled down to -10' and allowed to remain at that tem-
perature for about 15 minutes, at which point a program was engaged to ramp the
chip temperature up to 50'C over the course of 1 hour. Output voltage readings were
taken at 1*C intervals, based on the test chamber temperature readout.
Figure 5-6 shows the results of the intial, untrimmed temperature characterization.
Some curvature is observed, but the temperature dependence over this range appears
to be mostly linear; this suggests that the best course of action would be to make a
substantial reduction in the PTAT component.
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Figure 5-6: Un-trimmed tempco (Chip A).
In the second experiment, the PTAT and PTAT2 trim codes were altered from
their midscale values in an attempt to flatten the temperature dependence at room
temperature. Ideally, the codes would be instead set to cancel the linear temperature
coefficient at the Ti/4 and T3/4, producing the cubic temperature dependence of Fig-
ure 2-5. As it turns out, however, the PTAT trim range is insufficient to achieve this
goal over the narrow -10 to 50 * span (it was designed primarily to allow the tempco
to be optimized for the wider military temperature range).
By combining trim DAC data with the untrimmed temperature dependence data,
it was possible to guess trim codes through simulation. A MATLAB sweep was run
over all code combinations, and the best values were found to be: PTAT trim = "6",7
PTAT 2 trim = "36". These trim settings were selected for Chip A, which was again
placed in the test chamber and characterized as in the first experiment
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The new temperature dependence is shown in Figure 5-7, and it is seen that the
linear temperature dependence at room temperature is flat as desired. The box-
method tempco is 2.9ppm/ 0 C over the operating range, and this could likely be
further improved if the codes were tuned with a few more temperature iterations.
Trimmed Tempco (Chip A)
1
1
-1
0.
0
CL
cul
1oCD
Cz
W
1.20885'-
-10 0 10 20 30 40 50
Temperature (C)
Figure 5-7: Tempeo adjusted for flatness at room temperature (Chip A).
5.5 Noise Measurement
A common specification for voltage references is the peak-to-peak 0.1 - 10 Hz noise
observed over a 10 second window. Early frequency-domain tests at Intersil suggested
that the DEM bandgap noise in this band would measure about 15pVpp, and the
time-domain measurement explained here corroborates that estimate.
Because the signal of interest is so small, direct measurement on the lab oscil-
loscope (Tektronix TDS-2014B) was not possible. The circuit of Figure 5-8 was
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constructed to amplify the noise by a factor of about 6,100, while simultaneously
limiting its bandwidth to the 0.1 - 10 Hz range; in this way a 15pVpp signal becomes
a 92mVpp one, greatly relaxing the performance demanded of the oscilloscope. The
OP07 amplifiers were chosen due to their low 1/f noise (0.6pVpp), and all circuits
were run off battery power in a shielded, earth-grounded box to keep out 60Hz ripple
and other sources of external interference.
U1: OP07 U2: OP07
4.7u .7u u _
Figure 5-8: Circuit used to measure 1/f noise of DEM bandgap.
Figure 5-9 shows the noise waveforms captured with the measurement setup. The
baseline noise added by the amplifiers and resistors was observed by connecting the
non-inverting input of U1 to ground, and it was found that the noise floor was about
2.4piVpp (after accounting for the noise amplification factor). As predicted, the low-
frequency noise reduction achieved by DEM is substantial: a factor of almost 20,
reducing the noise of the static bandgap (262 pVpp) to 13.4pVpp).
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Notes:
* U1 & U2 run from 4x 9V
batteries (+/-1 8V)
* DEM Bandgap run from
2x AA batteries (3.OV)
350
300
250
200
150
100
50
0
-50
-100
-150
0.1 - 10 Hz Noise Measurement
- - No-DEM (Chip A) -
-- ------ -- ----- - - ---. ...--- --- .........----  ----- ---- - -
with DEM (Chip A):
noi se foor' ....
measu rem6'' - -i ---..
0 1 2 3 4 5 6 7 8 9
Time (s)
Figure 5-9: Noise measurement of Chip A, with and without DEM.
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Chapter 6
Conclusion
6.1 Summary
This thesis described the design, analysis, and characterization of the Dancing Bandgap,
a new bandgap voltage reference that employs dynamic element matching. As dis-
cussed in Chapter 5, when all three dynamic subsystems are operating, a 20x low-
frequency noise reduction is achieved (Figure 5-9), along with a 34x mismatch im-
provement (Table 5.1) were achieved. Preliminary temperature testing suggests that
a temperature coefficient of several ppm/*C is possible.
The improved performance of the Dancing Bandgap hinges on a variety of imple-
mentation details discussed in Chapter 3. In order to realize the 1/f noise reduction
possible through DEM, the clock waveforms are generated in a way that ensures
the duty cycle is very close to 50%, and the clock frequency itself is stabilized over
temperature by eliminating dependence on VBE and VGS voltages. In the transistor
rotation scheme, it was found that a pre-conditioning scheme was necessary to reduce
temperature-dependent switching glitches; this was implemented by the addition of a
so-called "High-Current Bullpen" and "Low-Current Bullpen". Finally, the chopper
OTA was designed in a way to limit the 1/f noise contributions of the un-chopped
transistors M5-M 8 (Figure 3-8).
Chapter 4 discussed the methods used to support high-resolution first- and second-
order temperature coefficient trimming, as well a high temperature leakage compen-
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sation network. In general, good PTAT trim performance was achieved by starting
with a low-noise, supply-insensitive PTAT current (Figure 4-1) and the scaling that
current through a source-degenerated trim DAC (Figure 4-2). For curvature correc-
tion, a PTAT2 current was derived from the PTAT reference by means of a translinear
circuit. Although there was not enough headroom to support source degeneration of
the PTAT2 trim DAC, the curvature correction trim was still found to be mono-
tonic on the test chip examined (Figure 5-5). Leakage compensation was achieved by
computing the output perturbation that would result from switch and BJT leakage
currents, and then adding in copies of these leakage currents in the right quantity
and location so as to null the effect (Section 4.3).
In addition to the practical circuits discussed in Chapters 3 and 4, the thesis also
relates a number of analytic expressions intended to accelerate the design of future
bandgap references (including those that do not incorporate DEM). In particular,
the groundwork of Chapter 2 allows for quick estimates of the thermal noise floor
based only on the supply current and N, the number of transistors in the "N" branch
(Equation 2.29). In addition, Equation 2.42 was derived to calculate the variance
of the output voltage due to mismatch and process shifts. Using Equation 2.17, the
optimal tempco adjustment factors C 1 and C 2 can be found from empirical data or the
analytic model for dVBG/dT (Equation 2.8). Finally, equations relating common op
amp imperfections (finite gain and PSRR, non-zero offset, and input-referred voltage
noise) were given in Section 2.4.
6.2 Future Work
Having demonstrated the great reduction in noise that is possible with DEM, it will
be desirable to leverage the technique to create a voltage reference with noise levels
below the 1ppmp, level. This will enable its use with 24-bit EA converters, possibly
as an internal reference. To achieve this goal, it will be important to identify and
eliminate the dominant sources of noise remaining in the Dancing Bandgap. Ideally,
when DEM is disabled the Dancing Bandgap will offer noise performance comparable
106
to other commercial references in its supply current class, so that it may truly shine
when DEM is enabled.
It is hoped that future revisions of the Dancing Bandgap will also be able to take
advantage of the mismatch error reduction to achieve better a better tempco. The
first step will be to characterize and trim a single test chip over the full temperature
range (-40 to 125*C), and from this determine a trimming algorithm that may be used
to reliably trim the other test chips. While it is true that practically any bandgap
reference can achieve a low tempco with even TC trim terms (linear, parabolic, cubic,
etc.), this may be prohibitively expensive if multi-temperature testing for each chip
is necessary. Thus, if DEM reduces the effects of q variation between transistors, the
degree to which the tempco can be trimmed "open loop" (i.e., at a single temperature)
will be improved.
Finally, future revisions of the Dancing Bandgap will target both lower power
consumption. Because the "N" and "one" branches operate at only 8.9pA (out of
a total supply current of 200pA), it is likely that the power consumption can be
lowered without significantly impacting the noise performance. Alternatively, the
supply current could be kept constant while increasing the proportion of that current
that supplies the "N" and "one" branches.
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